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Abstract
! OXl' iL' l
This study focuses on limnological processes that impact Hydrophobic Organic 
Contaminant (HOC) cycling within the lower food web components o f freshwater lakes. 
Four lake systems were selected to test if  mixing profiles and lake thermostructure 
contribute to fugacity gradients between different components o f the lower food web. To 
test the hypotheses, net plankton (63 and 150jim mesh), benthos, sediments and water 
chemistry parameters were collected from both well mixed and thermally stratified lakes 
in Southern Ontario during open water periods o f 2002 and 2003. Calibrated mussel 
(Elliptio complanata) biomonitors were deployed in containment cages to track HOC 
residues in the water column. Total PCB concentrations in pelagic biota across all lakes 
ranged from 14.9 - 226ng/g in net plankton, and 8.3 - 730ng/g in steady-state corrected 
mussel tissue (lipid). Spring mussel PCB concentrations were found to be significantly 
higher than all other collection dates in three o f four lakes, reflecting a contaminant pulse 
due to spring runoff event. This PCB concentration trend was not correlated with mixing 
cycles as was originally predicted. Total PCB concentrations in sediments (3 - 120ng/g 
OC-normalized) and Chironimidae (75.9 - 791ng/g lipid) from deep stratified lakes were 
higher than shallow well mixed littoral areas within the same lakes, but this trend based 
on mixing cycles was not observed across lakes.
Benthic invertebrate BSAFs generally exceeded equilibrium for all lakes. Most lakes 
experienced higher benthos BSAFs when compared to pelagic BSAFs, supporting 
published particle mineralization theories. Pelagic BSAFs ranged from 3-10 suggesting
iii
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that the PCB fugacity o f water exceeded the PCB fugacity o f sediments in all four lakes, 
indicating that the phenomenon of fugacity enrichment o f sediments was not observed as 
has been reported elsewhere. This information suggests that the sediments in these 
systems represent chemical sinks, and that current models which underestimate the 
importance of carbon cycling could be overestimating fugacity ratios.
Depth was determined to contribute to increases in sediment associated bioaccumulation 
in one lake. Further research should investigate the quality o f organic carbon between 
lake systems to better refine interpretation o f the impact depth has on contaminant 
cycling in aquatic food webs.
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1) Chapter 1 -  General Introduction
1.1 - General Introduction
This thesis identifies how limnological features, particularly lake depth and water column 
mixing, influence contaminant distributions in lower components of aquatic food webs. 
Persistent organic contaminants are widely distributed throughout the biosphere then 
transferred through aquatic food webs. From a management perspective, much concern 
has been raised about the levels of contaminant in upper trophic level organisms such as 
sport fish, mainly because of potential health risks to humans who regularly incorporate 
fish into their diet. Point source inputs and increased system-wide loadings are a primary 
cause o f increased contaminant concentrations in sport fish tissues (Suns et al 1984).
More recently, other factors such as organism size (Stow et al 1997), age (Huestis et al 
1996; Paterson et al 2005), trophic status (Rasmussen and Rowan 1990) and food web 
structure (Morrison et al 1998) have been shown to influence contaminant concentrations 
achieved in sport fish tissues across systems that may receive similar loadings.
Additional limnological features such as system productivity, lake depth (Baker et al 
1991; Morrison et al 2002) and organic carbon cycling also appear to influence HOC fate 
and bioaccumulation in aquatic systems. These variables have received much less 
attention compared to food web structure in governing chemical bioavailability and 
bioaccumulation in aquatic organisms (Gobas et al 2003). Yet at the base o f the aquatic 
food web, contaminant concentrations in plankton have been shown to exhibit a high 
degree o f temporal variation (Swackhamer et al 1993). Similarly, particle mineralization
1
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rates and sediment diagenesis increase contaminant concentrations at the sediment level 
(Baker et al 1991; Gobas et al 2003) that can translate into higher food web 
biomagnification factors as a result o f benthic/pelagic food web coupling (Morrison et al 
1998; 2002). This thesis is concerned with determining the effect o f lake depth and water 
column mixing on HOC bioaccumulation in lower food web components o f  lakes 
including net plankton and benthic invertebrates.
1.2 -  Influence of Sediment-Water Processes-on HOC Bio availability
1.2.1 - Mineralization and Sedimentation of Organic matter
1.2.1.1 - Mineralization
The cycling of hydrophobic organic contaminants (HOCs) in lake systems is intimately 
linked to the production, transport, and deposition o f particles in the water column. In 
contaminated systems, sediment can represent the largest single source o f contaminants 
to biota (ref). The mineralization o f organic matter and subsequent recycling o f 
resolublized HOCs at the sediment-water interface has been identified as an important 
transport mechanism for the introduction of chemical species into the aquatic food web 
(Scheffer 1998, Thomas 1997, Baker et al 1991).
The sediment-water interface includes both dissolved and particulate forms o f organic 
matter. HOCs can be dissolved in solution, bound to dissolved organic carbon (DOC), or 
bound to particulate organic matter (POM). Processes controlling the type o f suspended
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
solids (DOC or POM) in large lakes include shoreline erosion, sediment resuspension, 
primary production and decay of biotic matter.
Partitioning of HOCs between water, sediment, and aquatic organisms is dependent upon 
partitioning properties of the environmental matrix, physical/chemical properties o f the 
contaminant in question and kinetics of chemical exchange between different 
environmental compartments. Traditionally, most emphasis has been placed on how 
physical/chemical properties (e.g. water solubility and chemical octanol/water partition 
coefficients -  Kow) influence contaminant fate while less emphasis has focussed on how 
variations in organic carbon composition influence sorptive capacity o f different 
environmental particles or the nature o f chemical exchange kinetics between particles and 
their environment.
Current models used to estimate HOC partitioning between different abiotic/biotic 
panicles and water consider either simple equilibrium partitioning approaches 
(Karickhoff and Morris 1985a, Thomann et al 1992, McGroddy and Farrington 1995) or 
more complicated kinetic models which consider multiple compartments having different 
partitioning capacities and diffusion limitations that restrict transport between internal 
compartments of the particle (MacKay 1979; Weber and Huang 1996). The validity of 
equilibrium models, which assume equi-fugacity is achieved between particles and water, 
has been contested by researchers who have reported higher fugacities o f HOCs on 
settling particles than in the surrounding water column (Baker et al 1991, Swackhamer 
and Skoglund 1993, Koelmans et al 1993, 1997, Axelman et al 2000).
3
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These observations bear similarities to the phenomenon of biomagnification, where 
chemical fugacity in living organisms are often measured to be above that o f  the respired 
water or air and exceed chemical fugacity in the food items ingested by the organism 
(Connolly and Pederson 1989; Gobas et al 1993). Mechanistic models developed to 
describe biomagnification have recognized the development o f fugacity gradients internal 
to the organism (within the gastrointestinal tract) that result from volume and digesta 
partition capacity changes associated with nutrient absorption processes (Gobas et al 
1993). This internal fugacity gradient favours net chemical diffusion into animal tissues, 
increasing the organism fugacity above that o f its respired water. Slow kinetics o f 
chemical exchange from organism to water prevents the subsequent re-equilibration of 
animal tissues with the environment between feeding events (Gobas et a l 1993).
Although direct adaptation of this mechanism to predict particle fugacity gradients 
remains unlikely, the critical model characteristic, that decreases in particle partitioning 
capacity can occur at a more rapid rate than chemical desorption rates, is retained. Here, 
sedimenting particle fugacity is predicted to increase as organic carbon is mineralized in 
the water column, and associated HOCs concentrate in the remaining sorbed material, 
eventually being deposited into the sediments at a higher chemical fugacity than the non­
mineralized particle from which it originated (Gobas and Maclean 2003). A critical 
component to this mechanism is that microbially-mediated particle mineralization 
proceeds primarily by extracellular enzyme digestion that release carbon from the particle 
matrix. Presumably the enzyme-mediated carbon released from the particles exhibits a 
lower partition capacity than the particle itself. As is the case for biota, slow chemical
4
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desorption kinetics from the interior particle matrix prevents re-equilibration of the 
particle with the water column. If desorption kinetics are slow compared to the rate of 
particle settling/deposition and mineralization of organic carbon, chemical capacity will 
decrease causing an enrichment of sorbed chemical with increasing particle age. Hence, 
understanding carbon mineralization processes in the water column is important to 
understanding the transport and fate o f dissolved and particulate hydrophobic organic 
contaminants, and could be used to explain the apparent equilibrium disconnect between 
sediments and epilimnetic waters (Gobas et al 2003).
In addition to organic carbon mineralization, biogenic carbon production can have a 
major impact on the overall capacity o f epilimnetic waters to partition chemicals (Eppilett 
et al 2000). Phytoplankton absorb dissolved HOCs through passive partitioning processes 
(Swackhamer 1993)-and have generally been assumed to readily achieve equi-fugacities 
with water. Swackhamer’s (1993) groundbreaking research in this area demonstrated that 
PCB desorption kinetics from phytoplankton were slower than growth rates measured 
during conditions of high primary production. Thus, productive phytoplankton will tend 
to exhibit lower fugacities than the surrounding water on account of growth dilution.
These observations were partially Kow dependent, where PCBs with log Kow values <5.5 
exhibited sufficiently rapid phytoplankton/water exchange kinetics to maintain equi- 
fugacities while higher Kow chemicals exhibited lower fugacities than waters 
(Swackhamer et al 1993). When the study was conducted under slow growth conditions, 
the relationship between BAFi;p and Kow was consistent with equilibrium conditions for 
congeners with log Kosv <6.3. Congeners with log Kow >7.0 showed a non-linear negative
5
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correlation pattern over the 20-day experiment. Melan (1999) and Gobas (2000) 
identified similar trends o f HOCs to BCFijPjd as reported by Swackhamer (1993). The 
authors identified slow uptake kinetics and steric hindrance of larger HOC as possible 
explanations, and noted that in both experiments, partitioning o f congeners to algal 
biomass was markedly slower than previous literature claims of instantaneous 
equilibrium. Thus, one driving factor for an increase in fugacity ratio o f settling 
suspended solids to sediments may simply reflect the re-establishment o f particle/water 
equilibrium following reductions in biogenic particle growth rates.
Particle matter abundance in Lake Michigan was determined to be composed o f several 
major components, including; biogenic silica, organic matter, calcite, and several 
predominantly terrigenous allochthonous mineral phases (dolomite, clay, quartz, feldspar, 
and iron oxide) (Shafer 1988). Biogenic silica is mostly associated with diatoms, which 
comprise most o f the biomass associated with the spring mixed period (Dean 1994-PhD 
Thesis). Particulate organic matter comprises many particle forms, including diatoms, 
zooplankton and associated fecal pellets, non-siliceous algae, bacteria, and detrital 
organic matter. Autochthonous particles tend to undergo more rapid 
mineralization/diagenesis rates and are more efficiently recycled in the water column, 
while allochthonous particles tend to dominate in the sediments (Armstrong and 
Swackhamer 1983). Particle composition will therefore play an important role in 
governing bulk mixture mineralization rates. This suggests that systems experiencing a 
greater fraction o f allochthonous carbon inputs will exhibit lower particle mineralization 
rates that generate lower sediment/water fugacity ratios compared to systems whose
6
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carbon inputs are dominated by autochthonous production. Further enrichment is 
possible at the sediment/water interface as the character o f organic carbon changes due to 
further decomposition processes associated with the development of organised microbial 
communities in biofilms that may be more optimized to degrade settling materials than 
water column micro flora.
Thus, the decomposition o f organic matter in the settling sediment material reduces the 
sediments capacity and causes the bottom sediments fugacity to be greater than the 
suspended sediments, which in turn are greater than plankton. Gobas et al. (2003) 
reported that the total sediment diagenesis processes generated sediment/water fugacity 
ratios that ranged from just above 1 to more than 10,000 among the different Great Lakes 
and associated connecting channels. The latter authors suggested that inter-lake variation 
in sediment/water fugacity ratios were best explained by variation in lake depth which 
ultimately controlled the particle residence time within the water column and degree of 
particle aging at the time of its surface deposition.
1.2.1.2 - Desorption Kinetics
Slow desorption kinetics o f HOCs from sediment to interstitial water is frequently cited 
as the reason for limited microbially-mediated biodegradation of organic contaminants in 
aquatic systems (Carmichael et al 1997). Comelissen et al (1998) found that during 
bioremediation o f contaminated sediments, slow desorption rates limited biodegradation 
of two to four ring PAHs.
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Limited information exists in the literature regarding desorption kinetics due in part to the 
operating paradigm that contaminant desorption equilibia are considered fast when 
compared to mineralization processes (Pignatello et al 1989). Multiphasic kinetic models 
have been used to explain desorption processes, with desorption rates from resistant 
compartments measured on the order o f 7 to 60 days for Benzo[a]pyrene (Kukkonen et al 
2003), and 1-2 years for chemicals o f logKow >6 (Drouillard 1996- MSc Thesis).
Kukkonen et al (2003) identified both the amount and distribution o f organic carbon 
within the sediment as the major factors controlling desorption o f hexachlorobiphenyl 
from sediments. They also identified differences in desorption kinetics between 
amorphous (pigments, lignin, and lipid) and condensed carbon (humics, fulvics, and 
soot), with amorphous carbon sources dominating the rapidly desorbing compounds. The 
degradative age of organic matter also seems to be a factor in the bioavailability of 
organic contaminants. Older, more diagenetically processed organic matter was found to 
bind phenanthrene to a greater degree (Huang and Weber 1997), and the bioavailability 
o f hexachlorobiphenyl to benthic invertebrates was found to decrease with sediment age 
(Schuler 2003).
Those particles that end up at the lake floor comprise the benthic nepheloid layer and 
ultimately become buried in the sediments. The benthic nepheloid layer serves as a pool 
of contaminants available for resuspension during mixing events. Baker et al (1991) 
identified that up to 90% of the organic matter reaching the lake floor in Lake Superior 
was degraded at the benthic nepheloid layer. Thus much o f the particle mineralization
8
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was not occurring within the water column itself but in close proximity to the 
sediment/water interface. The fate of chemical bound to particulates once it comes in 
contact with the sediments depends upon the residence time of particle in surface 
sediments which specifies the degree to which particles may re-equilibrate with 
interstitial-pore water and sediment burial rates. Subsequent resuspension events may re- 
release dissolved chemical within interstitial waters to hypolimnetic or epilimnetic waters 
depending on the degree o f water column mixing. Given the inverse Kow dependence of 
contaminant desorption rates, sediment resuspension events should contribute to 
progressive losses o f less hydrophobic compounds back to water as these compounds are 
more likely to become enriched in interstitial pore waters, while highly hydrophobic 
chemical remain particle associated and become quickly re-associated with sediments 
following particle re-settling.
1.2.1.3 - Sediment flux
The annual recycling o f PCBs (i.e. solubilized and diffusively released from particles 
back to the water column) was shown to exceed both atmospheric input and sediment 
accumulation and burial (Tartari and Biasci 1997). Baker et al (1991) identified 
significant cycling of HOCs in the water column of Lake Superior, citing the sediment- 
water interface as an area of intense recycling of contaminants. Between 67-83% of the 
total PCB flux measured in surface water sediment traps was reportedly not delivered to 
bottom traps located in the benthic nepheloid layer, and less than 1% accumulated in the 
bottom sediments. In a similar study, Jeremiason et al (1998) concluded that although
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>50% of total dissolved PCB in Lake Superior was transported each year to within 5m of 
the bottom, only 2-5% accumulated in the sediments.
Although di-, tri-, and tetra-CBs, fluorine, and phenanthrene resulted in the highest 
settling velocities for the Lake Superior study (which would suggest depletion o f those 
species from the water column), these species also dominated the HOC pool in the lake’s 
dissolved phase, therefore, much of the HOC flux measured in sediment traps resulted 
from recycling within the water column (Baker et al 1991). Baker hypothesised that 
organic matter dominated the vertical settling flux, and inorganic clays dominated the 
lateral flux along the lake floor. The authors also noted that the more hydrophobic 
HOCs, and specifically PAHs, preferentially entrained to the sediments.
Sanders et al (1996) reproduced Bakers sediment trap study in a small eutrophic system, 
and found the depositional flux of PAHs were greatest in winter, accounting in total for 
more than 70% of total annual PAH inventory. Seasonal dependence for the depositional 
flux o f PCBs was less well defined, as correlation with total mass and carbon fluxes were 
relatively poor. Although chlorinated congeners with log Kow <4 dominated the trap 
material, compounds were less affected by mineralization processes in the water column 
due to the short retention times of shallow systems. Overall, results were similar to the 
Lake Superior study, with the highest depositional flux to sedimentation ratios for low 
molecular weight congeners, and high molecular weight PAHs specifically entrained in 
the sediment layer and not subject to recycling effects.
10
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1.2.1.4 -  Lake Trophic Status
Trophic status o f the lake system has also been found to affect HOC flux characteristics. 
Eutrophic systems, characterised by high nutrient cycling and productivity rates, tend to 
partition greater portions of the contaminant pool into the organic matter phase and 
transfer these contaminants to the sediments with greater efficiency. Larsson et al (1992) 
identified levels o f HOCs in fish to be low in highly productive lakes (eutrophic) or in 
humic lakes. Sedimentation rates of autochthonous particles were also found to be 
greater in eutrophic lakes than in oligotrophic lakes (Tartari and Biasci 1997). Similarly, 
Taylor et al (1991) reported that concentrations of HOCs in sediments were negatively 
correlated with plankton biomass within the lake water column. In the above study, the 
strength o f correlation was dependant upon the compound hydrophobicity as less 
hydrophobic compounds-demonstrated weaker negative correlations with particle 
biomass.
The effect of trophic status on lake wide HOC concentrations in biota is less clear. 
Macdonald and Metcalfe (1989) compared congener patterns between Lakes Scugog and 
St. Nora, Ontario, and suggested that even when comparing lakes of different trophic 
status and morphometry (mean depth), the basic PCB pattern reflecting atmospheric input 
was retained throughout the biotic and abiotic compartments. Despite substantial 
differences in surface area and mean depth (5-23m) between their study lakes, no 
consistent differences in total PCB concentrations in biota, particularly on a lipid weight 
basis, were found.
11
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1.3 - Bioavailability of Hydrophobic Organic Contaminants
1.3.1 - Bioavailability of Sediment-associated C ontam inants
For many toxic compounds, aquatic sediments represent both the main repository and 
most likely the principle source of contamination to the food web (Morrison et al 1996, 
1998). Decades o f environmental abuse have left sediments in industrialised areas 
particularly contaminated by effluent discharge, and long-range transport processes have 
enabled systems far removed from source areas to be heavily impacted via atmospheric 
deposition. Despite evidence that sediment-associated pollutants impart deleterious 
effects on biological communities, the processes and environmental factors responsible 
for the transfer o f contaminants from sediments to biota remain tenuous (Landrum and 
Robbins 1990).
Bioavailability, in reference to sediment bound organic contaminants, can be defined as 
the fraction of total contaminant in the interstitial water relative to sediment associated 
particles that are available for bioaccumulation by aquatic biota (Landrum and 
Robbins 1990). Determination of the bioavailable fraction using surrogate measures of 
matrix partitioning capacity (e.g. total organic carbon) are not always representative of 
the bioavailable portions of sediment-associated contaminants (Landrum 1989), and 
analytical methodology for measurement o f lipid and organic carbon are currently not 
standardised in the literature (Landrum and Robbins 1990; Drouillard et al. 2004).
Two approaches frequently used in literature to assess the relative bioavailability o f 
sediment-associated organic contaminants include a steady state comparison o f organism
12
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and sediment bound concentrations (Ditoro et al 1991) and toxicokinetic modelling 
approaches (Drouillard et al 1996; Landrum and Robbins 1990). The ratios o f 
contaminant concentrations in the lipid-normalised biota fraction to the organic carbon- 
normalised sediment concentrations define the Biota-Sediment Accumulation Factor 
(BSAF; Ditoro et al 1991). Empirical studies on BSAFs demonstrate a curvilinear 
relationship between chemical Kow and BSAFs such that BSAFs are positively related to 
chemical Kow up to a log Kow range o f 6.5 to 7, after which, BSAFs become 
independent of Kow (Drouillard et al 1996; Morrison et al 1996) or decline with 
increasing Kow (Oliver and Niimi 1985).
Problems identified in bioaccumulation models by researchers included variances in 
predicting contaminant accumulations increased substantially when attempting to predict 
the thermodynamic limits for contaminated sediments. There is also competition 
between the organic matrix of sediment and organism lipids for the relative solubility of 
the contaminant. BSAF models attempt to limit this variance by correcting for organic 
carbon contents in sediment. Contaminant levels in sediment are carbon normalized, and 
concentrations in biota are lipid normalized, resulting in an invariant relationship with log 
Kow. Variability in the bioavailability of contaminants in sediment is further 
complicated as differing sediment matrices and the distribution of contaminant in varying 
particles among the sediment matrix (Landrum 1996). Therefore, relationships between 
sediment contaminant concentrations and bioaccumulation are not normal.
13
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The assertion that empirically derived BSAFs remains constant within a given species 
and environment entails many assumptions about the partitioning capacities o f sediments 
and biota and organism toxicokinetic parameters. These include the assumption that 
contaminants partition reversibly between organism and sediment particles. Organic 
carbon is also assumed to be the predominant repository o f contaminants in sediment. 
Finally, the ratio approach assumes that-benthos rapidly achieve a condition o f steady- 
state with the sediments to which they inhabit despite seasonal variations in metabolic 
rate, growth and/or proximate tissue composition. Studies evaluating contamination of 
the amphipod, Pontoporeia hoyi, suggest that empirically derived BSAFs are seasonally 
dependant, and thus should not be assumed to be constant (Eadie et al 1988). 
Bioavailability o f organic compounds by biota is thus affected by such factors as an 
organism’s uptake and elimination rates, metabolism, feeding behaviour, reproductive 
cycle, and growth rates.
1.4 -  Objective:s of this thesis
Research o f aquatic processes that contribute to our understanding of the dynamics o f 
sediment-water cycling o f HOCs and bioaccumulation in lower trophic food web 
components have been reviewed. The following objectives were considered for the 
purpose o f defining the impact of specific morphological characteristics o f HOC 
bioavailability to lower trophic aquatic foodweb components including net plankton, 
mussel biomonitors and benthic invertebrates.
14
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Chapter 2 of this thesis discusses thermostructure and lake mixing frequency, and relative 
impacts these specific characteristics have on the lower epilimnetic food web PCB 
bioaccumulation. Dimictic systems were contrasted to polymictic systems to determine if 
lake mixing regimes impact contaminant cycling and bioavailability through 
measurements o f epilimnetic biota. Calibrated mussel biomonitors (Elliptio complanata) 
were suspended in the epilimnion of four Southern Ontario lakes of different depth and 
mixing regimes during the open water seasons of 2002 to 2003 in order to track 
bioavailable water concentrations of environmentally relevant PCB congeners. In 
addition, net plankton (63 pm and 150 pm size fractions) were collected on monthly 
intervals.
Specifically, Chapter 2 tested the following hypotheses:
1. Mixing cycles will have an impact on contaminant cycling o f HOCs in the 
epilimnetic aquatic food web components, with lower trophic level pelagic 
organisms from frequently mixed lakes experiencing increased HOC 
bioaccumulation
This prediction is based on the premise that frequent sediment resuspension promotes 
greater particle-bound HOC desorption that results in higher seasonally averaged 
chemical fugacities within the water column of these lakes.
2. HOC bioaccumulation in dimictic systems will be maximized following spring 
turnover and subsequently decline over the season.
This prediction is based on the premise that scavenging o f HOCs by settling epilimnetic 
particles transports contaminants to hypolimnetic waters throughout the season.
15
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3. Changes in the magnitude o f HOC bioaccumulation in lower trophic level 
pelagic food web components will not be accompanied by a shift in 
congener composition over the season.
This prediction is based on the premise that HOC scavenging is predicted to be a Kow 
independent process.
Chapter 3 of this thesis describes biota/sediment accumulation factors determined for 
benthic invertebrates and pelagic food web components in 2 deep lakes and 2 shallow 
lake systems. Specific hypotheses to be tested in Chapter 3 include:
1. PCB fugacities in sediments and benthic invertebrates from deep sites o f deep 
dimictic lakes will exceed PCB fugacities in samples from shallow, littoral 
zones o f the same lakes.
2. Deeper lakes will have higher sediment/water fugacity ratios compared to 
shallow lakes. This will result in greater observed differences determined 
between the magnitude o f BSAFs measured for pelagic food web items 
relative to BSAFs for benthos from deep lakes compared to shallow lakes.
3. BSAFs in benthic invertebrates from deep lakes will exhibit strong positive 
relationships with chemical Kow, whereas BSAFs in pelagic food web 
components from the same systems will exhibit weak Kow dependence.
These depth hypotheses outline predictions of particle scavenging o f HOCs in the water 
column over time. Measurable koW dependence is anticipated between pelagic and 
benthic organisms as mineralization and chemical desorption processes selectively 
resolubilize lower chlorinated congeners from sedimenting particles at depth in thermally
16
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stratified systems, and shallow, well mixed systems experience higher particle burial 
rates.
17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2) Chapter 2 - PCB Distribution between pelagic components 
of the lower food web
2.1 - Abstract
This research characterises the impact o f mixing cycles on the distribution of 
hydrophobic organic contaminants within the pelagic components o f the lower foodweb 
of freshwater aquatic systems. Biotic components o f the lower food web o f several 
Southern Ontario inland lakes were collected during open water periods o f 2003.
Mussels (Elliptic) complanata) were deployed in containment cages as biomonitors of 
hydrophobic organic contaminants residues in the water column during the same period. 
Net plankton was field collected and operationally defined as that material retained in 63 
and 150 pm mesh sieves. Sum PCB concentrations in biota across all lakes ranged from 
14.9ng/g to 226ng/g in net plankton, and 8.3ng/g to 730 ng/g in steady-state corrected 
mussel tissue (lipid). No statistically significant difference was found between plankton 
sum PCB concentrations based on either size class, lake or date collected. In addition, 
there was no statistically significant difference in mussel tissue based on depth of 
deployment. Plankton PCB concentration patterns did not seem to follow any seasonal 
trend across lake systems and congener profiles remained consistent throughout the open 
water season. Spring mussel HOC concentrations were found to be significantly higher 
than all other collection dates in Lakes Dalrymple, Sharbot and Big Rideau, possibly 
reflecting a contaminant pulse due to a spring runoff event. Elimination o f the spring 
chemical pulse in non-steady state mussel samples was detected in lower chlorinated 
congeners, and compared well to known chemical half lives in these species. No
18
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distinction in seasonal trends were evident in lower food web bioaccumulation based on 
lake mixing cycles, possibly reflecting limitations in the scale o f depth differentiation 
between selected systems.
2.2 - Introduction
In 2003, we compared thermally stratified temperate freshwater lake systems to systems 
which remained well mixed throughout the open water season to determine the impact 
lake mixing has on the uptake of hydrophobic organic contaminants (HOC) composition 
in the lower trophic components of the pelagic foodweb. Important environmental 
characteristics hypothesized to affect chemical bioaccumulation in aquatic systems are 
lake depth and thermal stratification. How well a system is mixed is influenced by many 
environmental variables, including; wind stress, wind direction, lake fetch, lake depth, 
solar radiation, and seasonal temperature (Tailing et al 2004). In addition, the recovery 
rate of contaminated biota in shallow lakes may be slowed due to sediment resuspension 
(MacDonald and Metcalfe 1989), characteristic of shallower, productive systems affected 
by wind events, seasonal vegetation, and greater numbers of sediment foraging fish 
species (Scheffer 1998). We hypothesize that well mixed systems will reflect higher 
contamination in pelagic biota during the entire season due to continuous resuspension of 
contaminants in the water column, and seasonally stratified lakes will show a decrease in 
chemical concentration over the course o f the stratified period.
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Hydrophobic organic contaminants can be dissolved in solution, bound to labile and 
refractory dissolved organic matter (free amino acids, peptides, proteins, sugars, 
carboxylic acids, nucleic acids, humic substances), dissolved organic carbon (DOC), or 
bound to particulate matter (Landrum et al 1985a, Schrap and Opperhuizen 1990, 
DePinto 1993, Koelmans et al 1997, Thomas 1997, Skoglund and Swackhamer 1999). 
Particulate carbon dynamics is a function of several processes, including production of 
biomass in the epilimnetic region, resuspension o f particulate matter during mixing 
events, and particle degradation during settling. The importance o f understanding 
particle movement in aquatic systems is reinforced by sediment trap studies which 
indicate that settling solids contain significantly higher concentrations o f HOCs than 
suspended solids (Baker et al 1991, Sanders et al 1996).
Systems which typically develop a seasonal thermal structure can limit nutrient recycling 
during peak stratified periods as suspended solids settle through the metalimnion, and 
become isolated from epilimnetic waters (Werner et al 1977). A thermally stratified 
metalimnion serves as a physical barrier to the upward movement of particulate and 
water from the hypo- to epi-limnetic regions due to the concomitant increase in water 
density with decreases in water temperature (Wetzel 1983). In systems that have a longer 
period o f stratification, extended fall-out o f epilimnetic detritus can result in depletion of 
nutrients and particle associated contaminants from the epilimnion region. Seasonal 
particle production reaching to the bottom sediments includes diatoms, plankton detritus 
and terrigenous materials during thermal stratification and the calcium carbonate 
precipitate by late season (Dean 1994-PhD Thesis). This fall-out becomes available to
20
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the hypolimnetic region, and over time creates a benthic nepheloid layer at the sediment -  
water interface which serves as a pool o f contaminants to sediment pore water and 
hypolimnetic water upon OC mineralization (Baker et al 1985).
Following a seasonal shift in ambient air temperature, degradation o f the density layer in 
the metalimnion re-equilibrates the water body temperature enabling hydraulic mixing 
events to resus pend the deep water contaminant pool into the upper layers o f the water 
column. In Lake Michigan, 14% of total particle mass in the water column was 
determined to be from sediment resuspension during non-stratified periods (Eadie et al 
1987).
The microbial foodweb has been shown to remineralize particle sorbed organic 
compounds back into the water column (Sanders et al 1996, Kujawinski et al 2001). The 
mineralization o f organic matter and subsequent recycling of resolublized HOCs at the 
sediment-water interface has been identified as an important transport mechanism for the 
introduction of chemical species into the aquatic food chain (Wetzel 1983, Baker et al 
1991, Sanders et al 1996, Thomas 1997, Scheffer 1998, Kujawinski et al 2001), and has 
been shown to exceed both atmospheric input (Larsson et al 1998) and sediment burial 
(Tartari and Biasci 1997). Baker et al (1991) identified the sediment-water interface as 
an area of intense recycling of contaminants in oligitrophic Lake Superior, with 80-90% 
of organic matter being degraded near the sediment-water interface. In a similar study of 
a shallow eutrophic system, Sanders et al (1996) reported the recycling o f PCB congeners
21
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decreased with chemical hydrophobicity, such that more hydrophobic compounds were 
specifically entrained in the sediment layer and less subject to recycling effects.
The above observations suggest that lake mixing will more efficiently recycle HOCs o f 
lower hydrophobicity to the pelagic foodweb, while more hydrophobic HOCs will remain 
associated with particulate and eventually will be returned to the sediments.
Typically, trophodynamic studies use predator/prey ratios to estimate bioconcentration 
(Thomann 1981, 1989). Bioconcentration models generally assumed that uptake o f 
chemical from one trophic level to the next occurs through passive diffusion, and steady 
state equilibrium is attained when the fugacity o f the chemical in the organism becomes 
equal to its surrounding environment (Mackay 1981, LeBlanc 1995). Derived 
bioaccumulation factors (BAF) are important for estimating chemical concentrations in 
longer lived species relative to water concentrations, therefore a comprehensive 
understanding of historical contaminant loadings is necessary to properly understand 
animal exposures. Fish and other long lived aquatic species integrate different lengths of 
exposure times, thus retain environmental contaminants much longer than primary 
producers due to such factors as organism size, lipid content, and elimination kinetics 
(Rasmussen and Rowan 1990, Rowan et al 1992, Gobas et al 1993). Yet, single time 
point assessments o f plankton contamination do not provide enough information to 
ensure that a long-term primary foodweb exposure history is available to assess 
exposures in upper trophic level organisms. Therefore, researchers need to ensure that
22
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sampling designs incorporate sufficient time-integrated samples o f lower food web 
organisms to ensure target species exposure history has been adequately represented.
We introduced caged mussels (Elliptio complanata) into the epilimnetic water column to 
provide time integrated water quality measurements over the course o f the open water 
season. Assuming that, under steady state conditions, both mussels and plankton track 
water concentrations, the ratio between steady state corrected mussel and net plankton 
lipid corrected PCB concentrations should be unity (1).
We selected four lake basins as the focus o f our research hypotheses. These included two 
shallow lakes, Brandy and Dalrymple Lakes, and two deep lakes, Sharbot and Big 
Rideau. Both deep lakes had deep and shallow zones, providing additional basin 
comparisons. This provided 3 ‘deep’ thermally stratified and 3 ‘shallow’ well mixed 
systems for comparison. The aim of the present study was to establish if differences in 
water quality can be detected between lower pelagic foodweb species based on lake 
thermal structure. Determination of PCB congener profiles in net plankton and 
epilimnion suspended mussel biomonitors provide insight into the bioavailable fraction of 
HOCs in the epilimnion waters, and contrasts animal size with chemical exposure 
dynamics. During periods of extended thermal stratification we expect to see decreasing 
concentrations of PCBs in epilimnetic mussel and zooplankton tissue residues as levels of 
contaminant concentrations in water become depleted by losses to the water column.
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2.3 - Materials and Methods
2.3.1 - Lake Selection
Initial lake selection was based in part on morphological and foodweb assemblage data. 
Lakes of differing thermal structure were selected to test effects of lake mixing on 
bioavailable contaminant distribution. Data from the Ontario Ministry o f  Environment’s 
Sport Fish Testing and Information Program was also utilized to ensure similar food-web 
structure between lakes and eliminate lakes known to have major point sources o f 
contaminants from selection. Characteristic assemblages consistent between selected 
lakes included common pelagic and benthic fish species, and dominant benthic 
communities. All lakes were situated far from major urban and industrial areas o f 
Southern Ontario, and considered to only be affected by atmospherically derived 
environmental contaminants (Macdonald and Metcalfe 1989).
Four lakes included in this study based on the above criteria were; Lake Dalrymple (Lat 
4438/Long 7909), Brandy Lake (Lat 4506/Long 7931), Big Rideau Lake (Lat 4446/Long 
7613) and Sharbot Lake (Lat 4446/Long 7641). Dalrymple Lake represents a shallow, 
well mixed system, which exhibits limited periods o f stratification during late summer 
months. As indicated by its name, Brandy Lake contains relatively high levels of 
allochthonous dissolved organic matter (DOM) and develops a strong, shallow stratified 
layer early in the ice-free season. Big Rideau and Sharbot Lake both contain deep 
stratified basins and shallow littoral zones, providing simultaneous comparisons o f the 
effect of depth on contaminant distribution within a system. Complete stratification for
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both deep lakes develops by mid-June. Lake morphometric and water chemistry data are 
summarised in table 2 -6 .
2.3.2 - Sample collection
Identification of optimum sampling locations within each lake was based on lake depth 
and spatial characteristics to ensure the suitability o f mussel biomonitor stations.
Mussels (Elliptio complanata) were collected from Balsam Lake, Lindsey, ON, Canada, 
in early spring o f 2003. This site is routinely used as a reference mussel collection site by 
the Huron-Erie Corridor Biomonitoring program. Mussels were held in GLIER facility 
holding tanks until deployment in May. All mussels were allowed 30 days to equilibrate 
in a GLIER holding facility before start o f collections. Day zero mussels were frozen for 
baseline correction at the same time as test mussels were deployed. Each biomonitoring 
station consisted o f two self-buoyant wire cages, each housing 2 0  individually 
compartmentalized mussels. Each cage was attached to a weighted cable assembly that 
included a surface marker buoy. Cages were secured at depths of approximately 2 and 10 
meters below surface. Actual depths o f the lower cages at each lake reflected upper 
maximum oxygen depletion zones (as determined in 2 0 0 2 ), and were selected to ensure 
survival o f the test organisms during maximum stratification periods.
Plankton tows were conducted using a 0.50m2 conical net with 63pm Nytex® mesh and 
cod bucket. Immediately upon collection, samples were passed through stacked 500pm, 
150pm and 63pm wire screen sieves. This procedure facilitated comparisons of
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contaminant residues in net plankton in order to discern if  evidence o f bioaccumulation 
could be measured between size classes. Each size class was collected in glass mason 
jars.
Net plankton and deployed mussel samples were collected from each lake on four 
sampling events during the open water season o f 2003. All field samples were 
immediately packed in dry ice, and upon return, transferred to a -20°C freezer until 
analysis. All sampling equipment and storage containers were rinsed in reagent grade 
acetone and hexane before use.
Water chemistry samples were taken at depths of 5 and 15 meters from surface for each 
biomonitoring station in Lake Sharbot and Big Rideau, and at 2 and 6  meters from 
surface for Lake Dalrymple and Brandy Lake. Water samples were stored at 4°C (NO3, 
DOC) and -20°C ((PO4)3*) in plastic Nalgene® containers until analysis. Physical 
parameters were recorded at each station at 1 meter vertical intervals using a Hydrolab®.
2.3.3 - Sample Extraction
Sample extraction procedures followed recognised methodologies (Lazar et al, 1992) 
accredited by the Canadian Association for Environmental Analytical Laboratories 
(CAEAL). To avoid contamination, all analytical glassware was first cleaned according 
to standard protocol using reagent grade solvents. Sodium sulfate (Na2S0 4 , ACS grade, 
BDH, ON, Canada) and Florisil (VWR, ON, Canada) were baked overnight (450°C and
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110°C respectively, for >12 hrs). Contamination was monitored by including a matrix 
blank with each set o f 6 samples, and recovery efficiency for each sample was monitored 
by including a surrogate spike into the sample stream prior to extraction.
Frozen samples were first removed from the freezer and thawed overnight at 4°C.
Sample homogenates (~10g tissue, wet wt) were ground with activated Na2S0 4  at a ratio 
of 1:5 until dry in a glass mortar. The homogenate was quantitatively transferred into a 
wet packed 2.1cm i.d x 24cm glass column containing 50ml dichloromethane (DCM): 
hexanes (1:1 v/v, Omnisolv-grade, VWR, ON, Canada) and spiked with 20ng surrogate 
standard mixture o f [13C] labelled PCBs 37/52/153 (Cambridge Isotope, MA, USA).
After 1 hour, the solvent was eluted from the column and the homogenates extracted with 
a further 250ml DCM: hexanes (1:1 v/v). After addition of 5ml isooctane (Omnisov- 
grade, VWR, ON, Canada) the resulting extracts were roto-evaporated to 2ml, and made 
up to 10ml with hexanes. A 1ml aliquot was removed for lipid determination by 
gravimetric analysis. The remaining extract was roto-evaporated to ~2ml. Clean up of 
the remaining extract was performed by Florisil chromatography. Extracts were wet 
packed onto a lcm  i.d. x 24cm glass columns with 6 gm-activated Florisil in hexanes with 
a 1 cm Na2S0 4  cap. Organochlorine chemicals were eluted from the Florisil column 
with 50ml hexanes, followed by 50ml o f a DCM: hexanes mixture (15:85% v/v).
Plankton samples required further cleanup due to biogenic contamination. Acid digestion 
of these extracts consisted of wet-packing a lcm i.d. x 24cm glass column with lcm  
Na2S 0 4, lcm basic silica gel, lcm  Na2S0 4 , 4cm acid silica gel, and lcm  Na2S0 4  in 50ml 
DCM. Sample was eluted with 50ml DCM and rotoevaporated to ~ lm l. The extract was
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then nitrogen evaporated to 300pl in isooctane, and loaded into a GC vial for chemical 
analysis. Sulphur compounds evident in sediment and plankton samples were treated with 
activated copper prior to preparation o f final volume.
2.3.4 - Instrumental Analysis
Gas chromatographic analysis was performed on a Hewlett-Packard 5890/5970 GC-MSD 
(quadrupole, mass analyzer, 70eV) and HP-7673A autosampler (Avondale, PA, USA), 
using a 60-m DB-5 fused silica capillary column (0.25mm diameter, 0.10pm film 
thickness, J&W Scientific, CA, USA) and splitless injection. Instrument conditions were 
as follows: injection port temperature (250°C), injection volume (2pl: splitless), carrier 
gas (He: flow rate o f 1 ml/min) and MSD temperature (280°C). Oven program was: initial 
temperature 90°C held for 3.00min, followed by a temperature ramp o f 7.00°C/min to 
150°C, not held, followed by a second temperature ramp o f 3.00°C/min to a final 
temperature of 280°C, held for 5.10min. With each batch o f 6  samples injected, a 
surrogate standard, PCB standard, batch blank and reference tissue sample were analysed. 
PCB homolog groups were characterized using selective ion monitoring (SIM) according 
to the following programmed windows: 27-40min ([13C] labelled PCB standards: ions 
268, 302, 372), 21-27 min (tri 256), 26-44 min (tetra 290, penta 326, hexa 360), 33-55 
(hepta 394, octa 428, nona 464).
Polychlorinated Biphenyl congeners quantified included the following IUPAC numbers 
in order of elution from the DB5 column: PCB 18, 31/28, 33/20, 52,44, 64/41/71, 70/76,
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6 6 , 95, 101, 99, 97, 87, 110, 118, 105, 151, 149, 153, 132, 138, 128, 156, 187/182, 183, 
174, 180, 170/190,201, 196/203, 195, 194, 206. Total PCBs were measured as the sum 
of the 33 congeners listed above.
Sample recovery for the [13C] labelled CB153 surrogate averaged 81.2±1.2% for mussel, 
and 79.0±3.6% for plankton. Sample recovery for the [13C] labelled CB52 surrogate 
averaged 75.0±1.1% for mussel, and 67.4+3.5% for plankton (Mean±SD). [13C] labelled 
CB37 was not quantified due to spectral interferences. Sample concentrations were not 
recovery corrected.
2.3.5 - Data Treatment and Statistical Analysis
Concentrations o f each compound identified are presented in both wet and lipid weight 
basis for biota. Information regarding percent lipid and sampling locations were also 
compiled for all samples (Table 2-6). The data was lipid corrected and log transformed 
when required to facilitate statistical analysis. The influence of lipid covariation is 
assumed eliminated when applying this procedure for the purposes o f normalizing 
predominantly hydrophobic contaminant data (Hebert and Keenlyside 1995).
Sample heteroscedasticity was analysed using Bartlett’s Test. Single factor analysis of 
variance (ANOVA) was utilised to test for significant differences between population 
means. For group comparisons o f greater than 1 degree o f freedom, Tukey multiple
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comparisons test was used to determine between population means the differences (Zar 
84). Unless otherwise stated, significant differences were measured a tp <  0.05.
Reported total PCB concentrations for mussels are the mean o f three mussels collected 
per depth from each station. Plankton PCB concentrations are generated from single 
extractions of pooled date specific tows. A total o f four collection dates were conducted 
over a six month open water period in 2003. Background control correction resulted in 
elimination of congeners 25 and 158 from mussels. Identification o f outlier data was 
conducted with caution as to not impact actual trends. Characterising outlier data 
involved comparisons o f standard scores (z) generated within a congener-date matrix. Z- 
scores above 2.5 were identified; those variables that consistently exceeded 2.5 across 
multiple matrix groupings were treated as outliers and removed (excluding ND values).
2.3.6 - Toxicokinetic Model
Elliptio complanata has been used extensively to monitor concentrations o f hydrophobic 
organic contaminants in aquatic systems (O’Rourke et al 2004, Gewurtz et al 2002, 
Russell et al 1999) and have shown to effectively reflect water residue levels for a wide 
range of hydrophobic organic contaminants (Morrison et al 1995, Neff and Bums 1996). 
These filter feeders provide an accurate assessment o f the bio-available chemical fraction 
impacting organisms at the base of the food chain.
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Mussels are readily exposed to contaminants dissolved in water and bound to food 
particles. The changes in chemical concentration over time that determine equilibrium 
concentrations within mussel tissues can be described as the difference between mussel 
uptake and elimination kinetics:
dt 1 “ 2 » Equation 1
This model assumes that chemical is accumulated by passive partitioning from the water 
(C„,) and suspended particles (Ca), and stored in the lipid phase of the organism. Water 
has been cited as the primary exposure route for mussels (Pruell et al 1986, Bruner et al 
1994), as particulate phase contaminant concentrations are maintained below equilibrium 
with water due to rapid growth dilution o f phytoplankton specie (Swackhamer & 
Skoglund 1993, Epplett et al 2000, Gewurtz et al 2002). In addition, mussels are 
considered to have low biotransformation capacity for PCBs (Peven et al 1996). Thus 
elimination kinetics remains the critical toxicokinetic factor in determining steady state 
residue levels.
Since biomonitors tend to not be at steady state with their environment at the time of 
collection due to usually short deployment periods (i.e. water/food concentrations, short 
deployment time), it is necessary to correct non-steady state concentrations to reflect 
steady state conditions. Steady state corrected residue levels take into account the length
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of time the biomonitor has been exposed, and provide an estimate o f time integrated 
water concentrations. Steady state residue concentrations are derived using:
^  Equation 2
C = 0
m ( s s ) , ,  - k i  t  \( 1 - e  )
were Cm(ss) is the steady state corrected residue concentration (pg/g lipid), Cm(t) is the 
residue concentration (pg/g lipid) in mussel tissue at time o f sampling, ki is the 
elimination rate constant (d '!)for the animal, and t is the deployment time in days. This 
correction factor compensates for the difference between time-dependent accumulated 
concentrations measured in collected mussels and the expected steady state concentration 
that would be achieved under conditions o f constant water concentration had the animal 
been deployed for a sufficient period o f time to achieve such conditions. Animal 
elimination kinetics (k2) are the most important toxicokinetic parameter necessary to 
correct time dependent accumulated residues to steady state conditions. O’Rourke et al 
(2004) published toxicokinetic parameters for 40 PCB congeners in Elliptio complanata, 
and derived a regression [Log k2 = 2.05 - 0.59 x Log Kow] that describes elimination 
kinetics for this species. This equation agrees well with other work published for a range 
o f hydrophobic chemicals in similar species (Gewurtz et al 2002, Russell et al 1999), 
which describe a general predictive relationship for calculating k2 from chemical KoW-
2.4 - Results
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2.4.1 - Lake Stratification and Chem istry
Water Column Profiles:
Mean surface temperature recorded for all lakes in 2003 was 18.5±0.2°C. On a lake 
specific basis, Big Rideau’s (Figure 2-1) temperature profile identifies that spring and fall 
turnover was occurring during the May and June sampling, and maximum thermocline 
structure was evident at the August sampling at 5m below surface. Dissolved oxygen 
levels in Big Rideau (hypolimnetic water) also experienced a large shift in concentration. 
Mean dissolved oxygen concentrations at depth ranged from 10.6mg/L in May to 0.5mg/l 
in August, and increased to 8 .6 mg/L in October during the fall turnover event.
Average surface temperature for Sharbot Lake (deep site) over the sampling season 
(18.7±2.6°C) was the highest for all lakes. Sharbot Lake provided little evidence of 
hypolimnetic warming during the entire sampling season. The thermocline remained 
strongest at 4-6m throughout the season. Dissolved oxygen levels in Sharbot Lake 
experienced a 6.3mg/L change in DO between 9 and 1 lm  over the season (Figure 2-2). 
Mean bottom dissolved oxygen values ranged from 8.9mg/L in May to 0.9mg/l in 
October. The observed recovery of dissolved oxygen in hypolimnetic waters in May 
indicates that turnover had occurred prior to the May sampling event.
Lake Dalrymple bottom temperatures ranged from 12.1°C to 19.1°C (Figure 2-3). The 
spring and fall turnover mean temperature wasl2.7±0.1°C, with a weak thermocline
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developing at 7m below surface in July and increasing to 4m by August in this shallow 
9m basin. Dissolved oxygen profiles confirmed turnover in the systems during the May 
and October sampling dates, and also indicated a strong decline in DO levels below 7m in 
July and 4m in August (<lm g/L at 8m), coincident to the drop in temperature profiles. 
This lake exhibited the weakest thermostructure and greatest potential for mixing o f all 
the study lakes.
Partial stratification occurred 2m below surface for Brandy Lake (Figure 2-4) in May, 
and remained shallow as surface temperatures increased throughout the season. Unlike 
Lake Dalrymple, Brandy Lake bottom temperature maintained a seasonal constant of 
9.7±0.3°C. Despite its shallow depth, evidence o f poor mixing and thermostructure 
during June, July and August was provided by temperature and D.O. profiles o f this 
system.
Lake Nutrients:
Lake nutrients collected from a depth o f 15m were not significantly different than surface 
water (2-5m) collections across all lakes, therefore mean concentrations are presented.
The lakes in this study averaged mesotrophic status in 2003 (MOE 2003), with mean TP 
values ranging from 46.5 to 73.8ug P/L (Table 2-2). Phosphorus data from this study 
correlated strongly to published MOE data on the same lakes (r2=0.99), although our data 
was higher in magnitude by a factor of 4.3. It is possible that our TP data was higher 
than expected due to sampling contamination, or differences in sampling methodology
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(N. Yan, personal communication). High nitrates (p<0.01) and DOC, as well as a 
significantly shallower euphotic depth (p<0.05) are characteristic attributes o f Brandy 
Lake. Big Rideau chlorophyll ‘a ’ mean seasonal concentrations were significantly lower 
than all other lakes (p<0.005) while its mean seasonal secchi depth was the deepest of all 
lakes.
2.4.4 - Zooplankton Composition
Net Plankton composition was conducted on 1ml aliquots (triplicate) of preserved sample 
and identified to at least the Order level. Composition estimates were compiled by date 
of collection for available 2002 153pm and 2003 150pm net plankton samples. All 
samples were dominated by Copepods (subclass Copepoda) throughout the season 
(>61 %), with the remainder dominated by Cladocera.
Of the Copepod fraction, Cyclopoid (order Cyclopoida) Copepods dominated Rideau 
with Copepodites (molted stage) close behind in percent abundance. Sharbot Lake was 
also dominated by Cyclopoid Copepods in early season with Calanoid (order Calanoida) 
Copepods contributing up to 50% abundance by late summer (August). Lake Dalrymple 
showed a different population of Copepods, with Nauplii (active larval stage) dominating 
in early spring, Calanoids dominating by mid-summer, and Copepodites dominating by 
fall.
Similar trends were observed in Cladoceran composition between the deep lakes, Rideau 
and Sharbot, with Bosmina (family Bosminidae) dominating in spring and fall, and 
Daphnia (family Daphnidae) dominant in mid-summer. Lake Dalrymple, however,
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reflected an opposite profile, with Bosmina dominant in mid-summer, and Daphnia 
dominating spring and fall collections. Brandy Lake showed a similar dominance of 
Daphnia in spring and fall. Summer composition values were not available for this lake.
2.4.5 - PCB Concentrations
Net plankton is reported for two field separated size classes, class A (63- 150pm) and 
class B (150 - 500pm), for all lakes except Brandy. Only one Class B sample is 
presented for Brandy Lake due to lack of sufficient sample available during most 
sampling dates. Plankton collections resulted in relatively small yields precluding 
determination o f statistical error across time points.
Mean lipid for class A and B net plankton were 6.9±1.3% and 13.4±0.8% respectively, 
and mean sum PCB concentrations ranged from 94.7±17.9ng/g to 48.6±10.3ng/g 
respectively (lipid). All lakes combined, no significant differences between the two size 
classes were determined for either lipid content or lipid normalized PCB concentrations. 
No significant differences were apparent between mean net plankton concentrations 
between lakes, therefore, data across lakes where combined to estimate any seasonal 
trends. Although increases in sum PCB concentrations were evident over the course o f 
the season in net plankton (all lakes combined), no significant differences were evident 
between sampling dates (Figure 2-5). Mean seasonal concentration for net plankton was 
70.3±9.5ng/g (lipid). Highest average concentration for all lakes combined was in 
October (116±21.1 ng/g, lipid). Plankton concentrations across lakes ranked Sharbot >
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Brandy > Big Rideau > Dalrymple (Brandy Lake based on a single sampling date). 
Overall, Sharbot Lake had the highest sum PCB concentration (182ng/g lipid, Class A - 
October).
2.4.6 - Congener profiles in Net Plankton
No shift in net plankton congener profile was evident for any of the lakes sampled over 
the course of the open water season (Figure 2-6 and Figure 2-7). Comparing individual 
congeners on a percentage of total PCB shows similar patterns for Rideau and Dalrymple 
lakes, with similar profiles represented between size classes. Although Sharbot Lake had 
the highest concentrations of PCBs in net plankton of all lakes, this congener profile 
reflects a different pattern than Lakes Rideau or Dalrymple (Figures 2-8, 2-9, 2-10 
respectively). Fewer congeners are represented in the Sharbot profile, with a majority of 
the weight contributed by the tri-, tetra- & penta-chlorinated groups. Many other 
prevalent congeners, specifically low K<,w compounds, are noticeably absent.
2.4.7 - Mussels
2.4.7.1 - Overall PCB Trends:
Bartlett’s test confirmed that steady state mussel sum PCB concentrations were normally 
distributed. ANOVA identified no significant differences between lipid concentrations of 
mussels (mean 0.47±0.02%) based on date sampled, deployment depth or lake.
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Mussel concentrations were control corrected prior to analysis. Wet weight sum PCB 
concentrations between top cage (1.16±0.3ng/g) and bottom cage mussels (1.10±0.5ng/g) 
were determined to be insignificant among the deep lakes. Lake-wide comparisons 
indicate that Brandy Lake seasonal average steady state corrected mussels were 
significantly different from Dalrymple only, and non-steady state corrected mussel data 
show Brandy of significantly higher concentration than all other lakes (lipid). This 
suggests higher water concentrations in Brandy overall. Overall seasonal mean sum 
PCBs rankings place Brandy > Big Rideau > Sharbot > Dalrymple.
Tukey test identified significant seasonal differences between elevated concentrations in 
lakes Dalrymple, Sharbot and Big Rideau in June mussels (474.8, 331.9 and 606.3 ng/g, 
lipid respectively, SS) and all other sampling dates (Figure 2-11). Concentrations o f 
PCBs were consistently the lowest by late season across all lakes. In sharp contrast to all 
other lakes studied, Brandy mussels accumulated the highest concentrations o f PCBs in 
August (455ng/g, lipid, SS), a time when all other lakes were experiencing greatly 
reduced loadings (Figure 2-12).
2.4.7.2 - Depuration Rates
Non-steady state corrected mussel concentrations provide information about temporal 
trends during chemical uptake and assist in verification o f the toxicological model’s 
predictions. Regression equations were calculated from non-steady state seasonal mussel
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data to contrast field depuration with model predicted elimination rates. For most lakes, 
elimination slopes (k2) were significantly different from zero for several higher 
chlorinated congeners (>LogKoW 6.5), the same trend was not evident for lower 
chlorinated congeners (< LogKoW 6.5). The combined regression (all lakes) explained 
only 25% of the variance for all congeners with a slope not significantly different from 
zero (p=0.28). Lake Dalrymple data are compared to published data for PCB elimination 
(O’Rourke 2004) and PAH elimination (Gewurtz 2002), and includes only significant 
congeners (Figure 2-13, Table 2-4). The elimination slope for Lake Dalrymple is 
stronger (-0.014) than observed slopes in the other lakes o f this study, with 76% of the 
variance explained (p<0.05).
2.4.7.3 - Non-Steady State corrected mussel tissue trends in PCB profiles:
Based on percent congener composition, a shift in congener pattern was evident between 
spring and fall non-steady state mussel residues in some of the lakes (Figure 2-14 to 2- 
17). Over time, lower chlorinated congeners (<5 chlorine atoms) decreased in relative 
proportion in late fall samples relative to spring tissue PCB concentrations.
In Sharbot Lake, a predominance of lower chlorinated congeners (< 5chl) in June mussel 
tissues, constituting 17.5±1.0% of the sum PCB profile, were non-detectable by the end 
of the sampling season as higher chlorinated congeners dominated (52.0±0.4%) the 
profile (Figure 2-14). Similar seasonal distribution trends were identified for spring 
mussels in Big Rideau, with higher chlorinated congeners predominating by late open 
water season (Figure 2-15). Although Dalrymple showed similar trends, highly
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chlorinated groups ( > 6  chlorine atoms) were predominantly enriched during the summer, 
while lower chlorinated congeners were highest during spring and fall collections (Figure 
2-16). Brandy Lake showed little change in relative composition over the season, with 
markedly reduced contributions from lower chlorinated congeners (<5 chlorine atoms) 
and more contribution from the higher chlorinated congeners ( > 6  chlorine atoms) (Figure 
2-17).
2.4.7.4 - Steady State/Non-Steady State Comparison:
Observation o f Sharbot Lake non-steady state and steady state mussel seasonal trends 
reveals a decrease in lower chlorinated congeners (<5 Chlorine atoms) in both mussel 
tissue and water, suggesting that both tissue residues and water concentrations changed 
over the season (Table 2-5). Alternatively, Lake Dalrymple SS concentrations showed no 
change, and NSS concentrations did decrease over the season, indicating that water 
concentrations remained constant over the course o f the sampling season as the mussels 
eliminated the spring contaminant loading.
2.4.8 -  Mussel/Plankton Ratios Model
Mussel/ Plankton Ratio (MPR) comparisons were generated by calculating 
MPR = LOG([SS Mussel, lipid] / [Plankton, lipid])
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BMF relationships traditionally compare predator/prey food-chain relationships. Here we 
utilize the same model to compare relative concentrations in each organism to help 
determine if zooplankton and mussels are tracking similar water concentrations. This 
information assists in assessing relative changes in concentration between biota over 
time. Our model assumes that net plankton have achieved steady state with their 
environment at the time o f sampling.
Lakes Sharbot, Big Rideau and Dalrymple spring and fall Log MPR to Log Kow 
relationships are presented in Figures 2-18, 2-19 & 2-20 respectively. For each congener, 
the June mussel to plankton ratio is consistently higher than October mussel to plankton 
ratio in each lake, indicating that spring concentrations in mussel tissues are well above 
equilibrium compared to net plankton.
Comparisons o f mean Log MPR’s between the three lakes show an interesting trend. 
Spring mean Log M PR’s are relatively constant between Lakes Sharbot, Rideau and 
Dalrymple, but fall mean Log MPR’s increase 10-fold between Lakes Sharbot and 
Dalrymple (-1.15 & 0.116 respectively).
Spring MPR are above equilibrium for all Lakes sampled. Sharbot Lake mussels in fall 
are below equilibrium with plankton up to LogKoW 7, and at or above equilibrium for 
higher LogKoW congeners. The linear regression crosses equilibrium at LogKoW 7 for 
Rideau Lake, and LogKoW 6.5 for Lake Dalrymple. As stated previously, spring mean
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Log MPR are constant, suggesting that this shift in equilibrium from lower to higher 
LogKow for the deeper system is driven by higher concentrations in Sharbot Lake fall 
plankton. Sharbot Lake also has the larger slope o f the three lakes for both spring and fall 
comparisons.
2.5 - Discussion
2.5.1 - Lake Stratification and Chemistry
Brandy Lake August water column profiles recorded the greatest change in temperature 
and dissolved oxygen over the shortest vertical distance of all systems. This is due in 
part to its wind sheltered orientation and high surface DOC content (10.7mg/L) which 
would diminish light penetration and contribute to increased bacterial mineralization of 
carbon and accelerated oxygen depletion. Brandy Lake is known to have a high 
catchment area (29:1), o f which 10-15% is watershed. Although our data do not reflect 
elevated Phosphorous loads in Brandy Lake relative to other lakes in this study, other 
researchers have identified evidence that suggests high phosphorus loads are partially 
from wetland sources, and mostly from an internal recycling o f nutrients. Blue-Green 
algae blooms which feed on the rich phosphate load are known to be a reoccurring 
problem and help to ensure continuous recycling o f nutrients in the system (A. Paterson, 
personal communication). Brandy Lake also had significantly higher nitrates than the 
other systems (71.5ug/L), and the shallowest secchi reading (1.2m).
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Based on mixing cycles, shallow Brandy Lake behaves much like the deeper Sharbot 
Lake in that they both maintain a stronger thermocline for a relatively longer duration 
than either Lakes Dalrymple or Big Rideau. As this density gradient limits mixing 
between top and bottom waters, both lakes develop a hypoxic hypolimnion early in the 
season, which further degrades with time until fall turnover re-equilibrates oxygen levels 
at depth. Based on this extended period of stratification, both o f these systems should 
facilitate further depletion of nutrients from the epilimnion than would be expected in a 
well mixed system such as Lake Dalrymple.
2.5.2 - Plankton
In many systems, plankton is the most abundant source o f organic material in the water 
column owing to its importance in determining the fate o f HOCs in lake systems 
(Swackhamer and Skoglund 1993). The fate of organic matter in aquatic systems is 
dependent upon the unique physical and chemical properties o f each system. 
Accumulated chemical in plankton is potentially lost to the hypolimnion in thermally 
stratified systems as detrital material falls through the water column, resulting in an 
accumulation of carbon and associated contaminants at or near the sediment surface. We 
tested animals collected from the epilimnion region in order to determine if  lake 
thermostructure affects chemical uptake in vertically migrating zooplankton species.
43
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Plankton PCB concentration patterns fluctuate from lake to lake, and do not seem to 
follow any consistent trend. The mean PCB concentration for all lakes and size classes 
combined was 70.3±9.5ng/g, lipid. Plankton concentrations across lakes ranked Sharbot 
> Brandy > Big Rideau > Dalrymple.
No shift in congener profile was evident for any o f the lakes sampled over the course of 
the open water season. This lack of ‘shift’ is understandable as the length o f lifecycles 
and reproduction in zooplankton is quite variable (Balcer et al 1984), thus limiting 
interpretation o f any measurable ‘memory’ over the course o f this sampling time scale. 
Laboratory elimination experiments reported half-lives o f hydrophobic organic 
contaminants on the order of less than 10 days for marine copepods (Harding and Vass 
1979). Smaller systems with higher flushing rates would facilitate elimination o f a 
contaminant pulse to plankton within the 30 day sampling interval o f this study, 
complicating across lake comparisons and necessitating a more robust sampling regime 
to account for the faster toxicokinetics o f this species. Darrow and Harding (1975) 
reported half-lives o f 3-4 weeks for Calanus spp tested at 6 °C, indicating that chemical 
kinetics is affected by temperature in these species. Therefore, temporal interpretations 
need to account for changes in growth, uptake, and elimination efficiencies.
2.5.3 - Mussels
Comparing sum PCB concentrations for each biomonitoring site and at each time point 
revealed no significant differences between upper and lower cage deployments. Limiting
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deployment to the epi- and meta-limnion in each deep lake may not have effectively 
tested the specific limnological variables we were attempting to study, specifically, the 
availability of food and effect of different temperatures on mussel contaminant uptake. 
Deployments were restricted from the hypolimnion region (high nutrient, low light, and 
low temperature zone) due to hypoxic conditions during peak stratification which would 
have adversely impacted mussel survival. Initial deployments in the hypolimnion in year 
one proved fatal for mussels.
The toxicokinetic model (equation 2) was used to assist in understanding environmental 
proportions of PCB congeners in biota that were sampled before steady state conditions 
were achieved with the biota’s environment. Comparison of non-steady state mussel 
residues to steady state corrected concentrations enables predictions to be made regarding 
relative changes in water concentrations over the course o f the sampling season. SS 
corrected contaminant data reflect the anticipated tissue concentration if  the animal was 
allowed to reach steady state with the water concentration over a prolonged deployment 
period. Gewurtz et al (2002) discusses how incorporating KoW into this model can 
provide a good estimate of the time-integrated water concentration.
PCB concentrations in mussel tissue collected on the first sampling date 30 days after 
deployment reflected significantly elevated concentration (114.5±14.5ng/g lipid, NSS) 
when compared to subsequent sampling dates (mean 58.6±5.0ng/g lipid, NSS) (p < 
0.0005). This decrease in PCB concentration over time suggests that the mussels were 
initially exposed to elevated levels of contaminants in the water column, originating
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possibly from accumulated contaminants present in the surrounding watershed released 
during the spring runoff event, or a result o f re-entrainment o f the historical contaminant 
load during spring turnover. Decreasing temporal trends in steady state tissue 
concentrations reflect elimination of this environmental loading by the mussels as the 
season progressed.
Brandy Lake mussels did not follow the same depuration curve as mussels from the other 
three lakes, but instead accumulated the highest concentrations o f PCBs in August 
(244.7±28.0 ng/g, lipid NSS), with a higher seasonal average than all other lakes 
(128.8±15.5 ng/g, lipid NSS). Brandy Lake is known to receive unique loadings of 
allochthonous and autochthonous carbon due to it large catchment area, wetlands and 
high internal nutrient load. High DOC, correlated high phosphorous levels, low pH, and 
a sharply stratified summer temperature/oxygen profile could create a system that reflects 
very different seasonal contaminant signals. Allochthonous sources o f contaminants are 
commonly considered to result from spring runoff events during melting o f the 
accumulated snow pack and associated contaminant load from the surrounding 
watershed. Autochthonous sources result in part from resuspension of pooled nutrients 
and contaminant associated particles from the bottom sediment surface during hydraulic 
mixing events associated with lake turnover.
Seasonal ranking follows June > July > August > October for all lakes combined except 
Brandy. These similar seasonal trends across lakes o f different geographical and 
morphological gradients suggest external influences, potentially representing a
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contaminant, pulse to the lakes through a spring runoff event. Overall, mean mussel PCB 
concentrations ranked Brandy > Big Rideau > Sharbot > Dalrymple.
2.5.3.1 - Congener Comparisons:
Congener pattern profiles remained relatively similar between lakes o f differing 
morphology (depth, area), substantiating previous work on similar lakes in this region 
(Macdonald & Metcalfe 1991), and most probably reflective o f an atmospheric derived 
chemical signature influenced by the surrounding watersheds.
As discussed previously, chemical depuration in mussels is controlled by the animal’s 
congener specific elimination kinetics. Examination o f trends in elimination o f specific 
congeners shows that lower chlorinated congeners indeed were effectively eliminated 
from mussels to non-detectable levels over the season, while higher chlorinated 
congeners persisted in tissues despite their loss from the water column. Comparison of 
Dalrymple and Sharbot Lake SS tissue residues indicates that water concentrations of 
lower chlorinated congeners (<5chl) decreased over time in the deeper system, and 
remained constant in the shallower lake (Table 2-5). For Lake Dalrymple, the proportion 
of congener distribution remained constant over the course o f the season. For Sharbot 
Lake, both a change in loadings to the lake and a change in PCB congener profiles 
occurred. These differences can be related to lake to lake differences in loadings during 
spring pulse events, drainage basin size, and/or sorptive capacity of the lake sediments. 
More specifically, this evidence suggests that mixing patterns may have an effect on the
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bioavailability of contaminants, as the deeper stratified systems are subjected to particle 
scavenging of PCBs over the stratified period, reducing the contaminant burden to 
pelagic biota.
Comparison of Sharbot Lake mussels in spring show that higher chlorinated congeners 
(specifically; 180, 170/190, 187/182, 183, 174, 201) are more prevalent overall in spring 
samples relative to other congeners. This is due possibly to the more hydrophobic nature 
and/or steric hindrance o f highly chlorinated molecules, which would restrict their 
movement through cellular membranes (Stange and Swackhamer 1994, Opperhuizen and 
Sclirap and Opperhuizen 1990). The latter would provide explanation for the slower 
elimination kinetics for these chemicals. Spring tissues are also reflecting higher 
concentrations o f lower chlorinated congeners than later time points in the season.
Rideau Lake congener profiles express similar patterns, but not to the same magnitude as 
in Sharbot Lake. Poor chromatography for August samples (uncommonly heavy 
influence by outliers CB18, CB187, high prevalence of ND congeners, etc.) limit sample 
comparisons to spring and fall for this system. Spring tissue concentrations were higher 
(33.4% NSS) relative to water concentrations (17.8% SS) for the >LogKow 6Chl group, 
whereas no relative change in any chlorinated group was evident in fall samples.
2.5.3.2 - Elimination kinetics
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Regression equations were derived from non-steady state corrected mussel residues to 
identify if trends in concentration across sampling dates could be identified, and if  these 
apparent elimination rates are similar to published laboratory derived values for this 
species (Russell et al 1999, Gewurtz et al 2002, O ’Rourke et al 2004). Difficulties in 
interpretation arise when attempting to discern between the times the animal is introduced 
to an environmental loading and the start o f elimination under environmental conditions.
Elimination o f contaminants from mussel tissues in environmental conditions do not 
closely reflect published laboratory derived elimination rates due in part to persistent 
uptake o f background levels o f these contaminants from the water column. Evidence of 
this is apparent in the non-significant regressions calculated for many lower chlorinated 
congeners (<LogKow6.5), which tended to achieve steady state sooner than higher 
chlorinated congeners (p = 0.28). Elimination was stronger for Lake Dalrymple mussels 
(k? = -0.014), with 67.5% of the variance represented (Figure 2-9, ̂ <0.05).
The tendency for lower molecular weight congeners to be weakly associated with 
LogKow suggests limitations in measuring elimination in natural systems. Apparent field 
k.2 values were well below published k2 values for this species, suggesting limited 
depuration efficiency and/or background concentration influence. This is understandable 
as residual background levels o f chemical persist in the water column. Considering that 
water concentrations do not remain constant in natural systems but rather fluctuate over 
time and space, elimination is confounded by persistent uptake by the animal, resulting in 
a lower net loss from the mussel to the environment. Overall, mussels demonstrated PCB
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elimination rates that reflected kow dependence. This verifies that our data are consistent 
with published rate constants, and that the mussels had responded to a large pulse in the 
water column that had occurred during or before the early spring deployment date.
2.5.4 - Mussel or Plankton: W hich provides a better estim ation of Cw?
Since elimination kinetics for Elliptio complanata has been calibrated (O’Rourke et al 
2004, Gewurtz et al 2002) for many specific congeners, estimation of changes in 
concentration over time based on specific congener half life is possible. These data offer 
insight into changes in water concentration over the same time period, and provide a 
more representative long term estimation than plankton, which are more difficult to 
characterize over sampling time periods that exceed generational half lives of these 
species.
Determining water concentration trends is dependent upon the study design’s scope. If 
real time estimates of water concentration are required, zooplankton may be suitable to 
provide a good estimate o f the bioavailable fractions of hydrophobic chemicals. Fisk 
(Fisk et al 2001) reported a 1:1 relationship of C. hyperboreus for BCF-Kow suggesting 
that contaminants of LogKow <6.0 do not biomagnify in zooplankton. Alternatively, if 
biomagnification factors are important for estimating concentrations in longer lived 
species, single or independent plankton collections cannot provide quantitative estimates 
of long term water concentration exposure history. High turnover rates of plankton 
species relative to other aquatic biota make estimation of historical pulse events difficult
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to identify with any degree of confidence without an intensive field survey. Swackhamer 
et al (1993) identified that during temperature conditions that mimic summer conditions 
in the Great Lakes, the kinetics o f growth dilution and increased cell metabolism would 
make it difficult for phytoplankton species to achieve equilibrium conditions with water 
over the lifetime of the bloom. This suggests that it would be difficult to determine water 
concentrations without historical data, and a thorough understanding o f the species 
kinetics. Therefore, for the purposes o f assessing BMFs for fish or higher trophic level 
species, plankton should be sampled over a time period that matches the historical pulses 
which fish could have been exposed to and remembered long after the current plankton 
population has lost the chemical signal.
The mussel/plankton comparisons show that larger animals ‘remember’ pulses longer 
than zooplankton species. Larger organisms BAFs exceed corresponding LogKoW 
coefficients due to increased trophic transfer (Kidd et al 1998, Rasmussen and Rowan 
1990) and show an inverse relationship o f elimination rates with body size (Fisk et al 
1998). Also, zooplankton BAFs are less than what the chemical LogKow would predict 
likely due to their trophic level and small body size (Fisk et al 2001). Elliptio 
complanata is a reasonable surrogate to estimate time integrated water concentrations 
which closely mimic fish species, and can provide a viable option to other more 
conventional water concentration methods. It is important to recognise that both a long 
term and a comprehensive food web study is important to identify changes in fish 
exposures. Fish and other long lived aquatic species sequester environmental signals 
longer than plankton or mussels. Thus a comprehensive understanding o f historical
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contaminant loadings is necessary to properly calculate BMF for longer lived species. 
This study shows that species such as mussels of which toxicokinetic parameters 
(chemical elimination) are calibrated provide a more comprehensive and quantifiable 
sumogate for water concentrations and BMF estimation than plankton or zooplankton. 
This observation underlines the importance of designing a comprehensive sampling 
program when attempting to answer questions related to biomagnification of higher order 
food chain species.
2.6 - Conclusions
Determining the movement of environmental contaminants in aquatic systems appears 
relatively complex, in part due to multiple sources (Swackhamer and Hites 1988), lake 
mixing and stratification cycles (Wetzel 1983), and various scavenging and recycling 
processes (Sanders et al 1996, Baker et al 1991). In addition, the efficiencies of each of 
these processes are dependent upon morphological characteristics such as lake depth and 
productivity. Deeper systems can experience reduced sedimentation of lower chlorinated 
congeners when compared to shallow systems, possibly due to the increased residence 
time of microbial mineralization processes in deeper lakes (Baker et al 1991), whereas 
thermally uniform systems potentially experience greater resuspension o f sediment bound 
organic material during hydraulic mixing events.
Mussel PCB concentrations ranked Brandy > Big Rideau > Sharbot > Dalrymple, and 
reflected significantly elevated contaminant levels in early spring collections. PCB
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elimination was measured using derived congener specific elimination rate constants (k2), 
which showed that field mussel elimination kinetics were within acceptable ranges 
considering the environmental variability consistent with field derived data. Due to 
evidence from multiple lakes of differing mixing profiles, this contaminant pulse detected 
in the mussel tissues was not a result o f sediment resuspension during spring turnover, 
but rather originated from watershed runoff during the spring melt event. Further 
evidence is provided by low chemical concentrations o f PCBs in mussel tissues from all 
lakes well into the fall turnover event. This data show how a large pulse to the lakes can 
be detected and retained by pelagic biota o f the lower food web, yet not reflected in the 
sediment or benthos, which track longer historical contaminant loads. It further identifies 
how zooplankton can eliminate a pulse within a time period that defeats even a well 
planned monthly sampling program making detection of these infrequent pulse events in 
plankton species difficult.
Estimating depuration losses to mussel tissue over time in a natural system is confounded 
by incidental recycling o f chemicals in the water column and changing levels o f 
background concentrations. Comparing concentration trends for specific congeners 
shows peak concentrations in spring collections for a majority o f congeners, reflecting 
recent uptake during dimictic hydrological events. Elimination o f the spring pulse was 
evident in lower chlorinated congeners, and compared well to known chemical half lives 
in these species.
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Plankton PCB concentration patterns did not seem to follow any repeating trend across 
lake systems and congener profiles remained consistent throughout the open water 
season. Plankton species are better adapt to monitoring ‘real time’ water concentrations, 
but are poor at retaining historical chemical signals. In addition, net plankton and mussel 
data do not reflect expected trends which would show correlation to lake mixing patterns. 
Both the stratified, dimictic systems and the shallow, well mixed lake reflected a loss of 
concentration over time, invalidating the mixing hypothesis that suggested that mixed 
systems should reflect higher concentrations in pelagic biota over time when compared to 
stratified lakes.
Single plankton collections are not necessarily a good surrogate for BMF calculations of 
long lived species which exhibit slower kinetics, and longer chemical ‘memories’. The 
mussel/plankton comparisons show that larger animals ‘remember’ pulses longer than 
primary producers, and can provide a viable option to other more conventional water 
quantification techniques. Here we highlight that the importance of designing a 
comprehensive sampling program when attempting to answer questions related to 
biomagnification, and the use of kinetically representative species as environmental 
sentinels.
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Chapter 2 Tables
Table 2-1: Seasonal temperature and dissolved oxygen profile data presented for four lakes during 
the 2003 sampling period. Temperature profiles presented as difference between surface and bottom  
temperatures in °C. Dissolved oxygen profiles presented as difference between surface and bottom  
dissolved oxygen concentrations in mg/L.
2003 Lake P rofiles
B randy D alrym ple S h a rb o t R ideau
Sam plinq Date (2003) T em p  A * DO A* T em p A DO A T em p  A DO A T em p  A  DO A
M ay 4.8  4.36 0.3 2.09 6.1 1.82 2.5 0.86
J u n e 8.4 6.45 1.0 2.70 12.6 2.74 7.4 1.80
Ju ly 13.0 7.22 7.6 8.32 16.8 4.28 11.2 5.28
A u g u st 16.4 9.73 7.4 10.05 20.9 8.49 13.6 9.27
O c to b er 3.6 3.68 0 0 8.7 9.24 3.7 1.42
r denotes calculated difference in temperature between surface and bottom of lake (°C)
• denotes calculated difference in dissolved oxygen between surface and bottom of lake (mg/L)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
55
Table 2-2: Nutrient profiles for four study lakes during 2003 sam pling season. M ean and standard
error data based on seasonal mean o f  5 sam pling dates. Statistically significant data presented as ***
<0.005, ** <0.01. * <0.05 (ANOVA).
2003 Lake Profiles Secchi (m) Chlorophyl 'a' (ug/L) DOC (mg/L) Nitrates (ug/L) TP (ug/L)
Mean Mean ±StErr Mean ±StErr Mean ±StErr Mean ±StErr
Big Rideau 7.9 *** 1.6 ±0.2 6.1 ±2.1 19.0 ±5.0 46.5 ±1.2
Sharbot 4.3 3.8 ±0.4 6.5 ±1.2 18.3 ±4.2 61.5 ±1.3
Dalrymple 3.7 3.8 +0.2 6.4 ±0.2 12.0 ±7.0 73.8 ±2.0
Brandy * 1.2 3.7 ±0.4 9.7 ±0.6 ** 71.5  ±11.5 49.3 ±1.0
"*  significance <0.005, "  significance <0,01, * significance <0.05
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Table 2-3 Concentrations in net-plankton and mussels collected from four study lakes during 2003. 
Mean and standard error data presented. Plankton data mean and standard error calculated from  
21 pooled net-plankton samples. Mussel mean and standard error data calculated from 96 individual 
mussels. Mussel data are steady state corrected. Data range presented in brackets. Significance was 
identified between Plankton and steady state corrected Mussel tissues mean PCB concentrations 
(ANOVA,/><0.05).
Taxa n % lipid (OC) PCB Cone (±StErr. R ange in brackets) 
(Range) Wet (ng/g) Lipid (ng/g)a
(S ed  O C  corr)
Plankton 21 11.3 ± 1.73 0.79 ±0.30 76.2 ±11.3
(3.54 - 32.4) (0 .0 5 -5 .8 1 ) (15-226)
Mussel (SS corr) 96 0.46 ±0.02 0.95 ±0.22 173 ± 15.6
(0.17-1.05) (0.08 - 6.95) (8.3 - 730)
Mussel (N-SS corr) 96 0.39 ± 0.04 78.7± 5.5
(0.03 - 2.09) (6.3 - 275)
a(p < 0.05)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
57
Table 2-4: Elimination rate constants (k2) for Lake Dalrym ple field deployed E lliptio  com planata.
Significantly elim inated congeners presented (ANO VA). Statistically significant data presented as *
p<0.05, **p<0.005. LogK<,w from  H awker and Connell 1988, t90 data from  O ’Rourke et al 2004.
PCB
Congener
Chlorination LogKow f Slope (k2) 
(day1) ±SE
r2 p  level t90 (d) *
(days)
31/28 Tri 5.7 0.033 ±0.004 0.85 0.005 40.5
33/20 Tri 5.6 0.017 ±0.005 0.79 0.044 * 36.8
64/41/71 Tetra 6.0 0.033 ±0.003 0.99 0.008 * 56.3
66 Tetra 6.2 0.020 ±0.004 0.85 0.009 * 65.0
101 Penta 6.4 0.015 ±0.003 0.70 0.001 * * 89.9
110 Penta 6.5 0.015 ±0.004 0.63 0.004 * * 76.4
118 Penta 6.7 0.006 ±0.001 0.57 0.001 * * 123.3
149 Hexa 6.7 0.008 ±0.002 0.50 0.002 * * 133.9
153 Hexa 6.9 0.011 ±0.004 0.41 0.008 * 160.1
138 Hexa 6.8 0.014 ±0.004 0.60 0.005 * * 170.0
187/182 Hepta 7.2 0.005 ±0.001 0.40 0.004 * * 238.8
174 Hepta 7.1 0.005 ±0.001 0.43 0.004 # * 231.4
t  log Kow (Hawker, 88)
|  O'Rourke 2004
* p<0.05 significant difference of slope from zero 
"p<0.005 highly significant difference of slope from zero
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Table 2-5: Relative congener distributions for spring and fall field deployed mussels in Lake 
Dalrymple and Sharbot Lake. Mussel mean and standard error data calculated from mean site 






S td  Err Mean
Fall
Std Err
<5 17,8 1.8 15.1 0.1
5 -6 47 .9 1.6 4 7 .3 0.3
>6 34.3 1.8 37.6 0.3
NSS Spring Fall
<5 33.4 1.8 17.2 0.1
5 -6 51.2 1.6 51.4 0.3





S td  E rr Mean
Fall
S td  Err
<5 12.4 1.0 ND ND
5 -6 42.0 0.8 44.1 0.3
>6 45.6 1.2 55.8 0.5
NSS Spring Fall
<5 24.4 1.0 0.2 ND
5 -6 51.2 0.8 51.5 0.3
>6 24.4 1.1 48.3 0.4
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Table 2-6: Lake Data Summary
Summarized data o f biota and sediment collected from four study lakes. PCB 
concentrations (wet weight and lipid weight basis) for biota and (wet weight and organic 
carbon basis) sediments are reported in ng/g. Values in parentheses are ranges in ng/g. 
Mussels are steady state corrected.
M o rp h o m e tr ie s Big R ideau S h a rb o t D alrym ple B ran d y
Coordinates (Lat/long ) 4446/7613 4446/7641 4438,7909 4506/7931
Surface area (ha ) 3733 707 1333 105
Max. Depth (m 100 32 11 8
Nutrients
Phosphate (mg/L 0.037 0.062 0.074 0.049
Nitrate (mg/L 0.019 0.018 0.012 0.072
Chlor 'a' (mg/m3 1.6 3.8 3.8 3.7
DOC (mg/L 5.41 6.06 6.45 9.36
B e n th o s Big R ideau S h a rb o t D alrym ple B ran d y
Tukey (p<0.05 Deeo Shallow Deeo Shallow
Benthos (Chirommidae)
Sample size (# collection dates 6 7 5 5
Lipid (% 0.53 1.09 0.34 2.18
Sum PCB (wet, ng/g) 1.18 3.36 1.32 3.57
(0.40 - 2.83) (0.05 - 9.83) (0.08 • 2.91) (1.74 - 5.36)
Sum PCB (lipid, ng/g) 375.0 235.0 619.9 156.9 487.07 176.3
(138.8 -434.0) (68.4 -255.6) ,278.8 - 791.4; (75.9 - 238.7) (372.0 • 625.9) (77.6 - 306.1
Benthos (Hexagenia)
Sample size {# collection dates) Not sampled Not sampled 5 6
Lipid (%) 1.42 1,27
Sum PCB (wet, ng/g] 1.39 1.52
(0.67 - 1.95) (0.32 - 2.97)
Sum PCB (lipid, ng/g) 107.9 150.7
(91.6 - 116.8) (39.1 - 223.8)
P lan k to n Big R id eau S h a rb o t D alrym ple B ra n d y
Mesh size (63-1 50m) (>150u) (63-150p) (>150p) (63-1 50m) (>150p) (>150p)
Tukey (p<0.05) A A A B A A Not tested
Sample size (# collection dates) 4 4 3 2 3 4
Lipid (%, dry wt) 9.46 14.88 5.48 13.13 5.77 12.06 32.42
Sum PCB (wet, ng/g) 0.35 0.91 0.27 0.25 0.21 1.02 5.81
(0.17-0.66) (0.34 - 2,48) (0.07 - 0.40) (0.19-0.31) (0.05 - 0.33) (0.17 - 2.30)
Sum PCB (lipid, ng/g) 88.0 64.8 128 29.6 67.6 51.4 135
(57- 121) (32 • 100) (28 - 226) (25.3 - 33.9) (15 • 133) (28.5-81.4)
M u sse l (E llip tio  c o m p la n a ta ) Big R ideau S h a rb o t D alrym ple B ran d y
Bottom Top Bottom Top Bottom Top Bottom Top
Tukey (p<0.05) AB AB A B
Sample size (n) 12 9 12 12 9 12 not sampled 18
Body weight (g) 7.72 9.30 8.44 8.03 8.37 8.65 6.81
Lipid (%) 0.51 0.44 0.46 0.4 0.46 0.59 0.41
Sum PCB (Non-SSwet, ng/g) 0.42 0.47 0.20 0.12 0.11 0.31 0.47
(0.06 - 0.90) (0.08 - 1.99) (0.02 - 0.39) (0.01 -0.43) (0.02 - 0.22) (0.04 - 1.05) (0.15-1.38)
Sum PCB (SS.wet. ng/g) 1.97 0.72 0.94 0.67 0.39 2.06 1.19
(0.30-5.16) (0.28 - 1.30) (0.23 - 1.64) (0.08 - 1.95) (0.25 - 0.66) (0.27 - 7.04) (0.51 -2.18)
Sum PCB (SS, lipid, ng/g) 290 113 152 145 74.2 175 271
(50 - 755) (40 - 264) (23 - 304) (8-609) (24 - 175) (23 - 454) (88-504)
S e d im e n t Big R ideau S h a rb o t D alrym ple B ran d y
Deep Shallow Deep Shallow Deep Shallow Deep Shallow
Tukey (p<0.05) AB A AB B
Organic Carbon (%) 18.70 23.56 26.69 24.41 17.09 10.68 1.88
Sample size (# collection dates) 6 4 5 4 5 Not Sampled 3 3
Sum PCB (wet. ng/g) 1.38 0.70 1.10 0.60 1.14 2.68 0.62
(0.10-3.04) (0.17 - 1.03) (0.25 - 2.05) (0.25 -0.94) (0,36 - 2-07) (2.04-3.01) (0.23- 1.31)
Sum PCB (org carbon, ng/g) 54.8 16.4 27.0 14.9 38.7 96.7 51.1
(13.0 - 120.1) (2.77 - 25.21 (3.20-51.0) (5.25 - 24.6) (10.5-72.4) 75.4 - 117.5) (40.0 -66.2)
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Chapter 2 Figures
Figure 2-1: Big Rideau temperature and dissolved oxygen plots.
Upper caption: 2003 Temperature profile (°C) for Big Rideau Lake, Brighton Bay site. 
Depth in meters (m). Data points collected using Hydrolab sonde during open water site 
visits. Seasonal data points denoted by closed diamond (♦ )  are May, open square ( ) are 
June, closed triangle ( ^ ) are July, cross (X ) are August, and closed circle (•) are 
October readings.
Lower caption: 2003 Dissolved Oxygen profiles (mg/L) for Rideau Lake, Brighton Bay 
site. Data collection and data point symbols as per Figure 2-1 (above).
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Figure 2-1
Big Rideau Brighton Bay Temperature
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Figure 2-2: Sharbot Lake tem perature and dissolved oxygen plots.
Upper caption: 2003 Temperature profile (°C) for Sharbot Lake, deep site. Depth in 
meters (m). Data points collected using Hydrolab sonde during open water site visits. 
Seasonal data points denoted by closed diamond (♦ )  are May, open square ( ) are June, 
closed triangle ( ^ ) are July, cross (X ) are August, and closed circle (•) are October 
readings.
Lower caption: 2003 Dissolved Oxygen profiles (mg/L) for Sharbot Lake, deep site. 
Data collection and data point symbols as per Figure 2-2 (above).
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Figure 2-2:
Sharbot Lake (deep site) Temperature
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Figure 2-3: Lake D airym ple tem perature and dissolved oxygen plots.
Upper caption: 2003 Temperature profile (°C) for Lake Dalrymple. Depth in meters (m). 
Data points collected using Hydrolab sonde during open water site visits. Seasonal data 
points denoted, by closed diamond (♦ ) are May, open square ( ) are June, closed triangle 
(■*■) are July, cross ( X ) are August, and closed circle (•) are October readings.
Lower caption: 2003 Dissolved Oxygen profiles (mg/L) for Lake Dalrymple. Data 
collection and data point symbols as per Figure 2-3 (above).
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Figure 2-4: Brandy Lake tem perature and dissolved oxygen plots.
Upper caption: 2003 Temperature profile (°C) for Brandy Lake. Depth in meters (m). 
Data points collected using Hydrolab sonde during open water site visits. Seasonal data 
points denoted by closed diamond (♦ )  are May, open square ( ) are June, closed triangle 
( -^) are July, cross ( X ) are August, and closed circle (•) are October readings.
Lower caption: 2003 Dissolved Oxygen profiles (mg/L) for Brandy Lake. Data 
collection and data point symbols as per Figure 2-4 (above).
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Figure 2-5: Seasonal net-PIankton PCB concentrations. Mean based on all lakes combined. Error 
bars represent standard error.
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Figure 2-6: Seasonal mean congener PCB plankton (63pm  mesh fraction), all lakes com bined. Bars
represent June and O ctober congener specific relative proportional contribution to sum  PCB based
on percentage. Bars represent standard error.
Figure 2-7: Seasonal mean congener PCB plankton (150pm mesh fraction), all lakes combined. Bars 
represent June and October congener specific relative proportional contribution to sum PCB based 
on percentage. Bars represent standard error.
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Figure 2-8: Sharbot Lake seasonal mean congener PCB plankton ()• Bars represent 63pm  and
150pm mesh fractions, congener specific relative proportional contribution to sum  PC B based on
percentage. Bars represent standard error.
Figure 2-9: Rideau Lake seasonal mean congener PCB plankton. Bars represent 63pm and 150pm  
mesh fractions, congener specific relative proportional contribution to sum PCB based on 
percentage. Bars represent standard error.
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Figure 2-8
Sharbot Lake Plankton Seasonal Mean
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Figure 2-10: Lake D alrym ple seasonal m ean congener PCB plankton. Bars represent 63pm  and
150pm mesh fractions, congener specific relative proportional contribution to sum  PC B based on
percentage. Bars represent standard error.
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Figure 2-11: Steady state m ussel seasonal sum  PCB distribution. O pen square (□) is Sharbot Lake,
closed triangle ( )  is Lake Dalrym ple, and open diam ond (0) is Big Rideau Lake m ussel sam ples. X-
axis is plotted in days from  deploym ent o f caged m ussels. Bars are standard error.
Figure 2-12: Steady state mussel seasonal sumPCB distribution Brandy Lake
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Figure 2-13: Comparison of field collected and published elimination rate constants (K2) for Elliptio 
complanata. Open square (□) is O ’Rourke published data (O ’Rourke et al 2004), open diamond (0) is 
Gewurtz published data (Gewurtz et al 2002), closed triangle (-*•) is this study data. Bars are 
standard error.
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Figure 2-14: Sharbot Lake non-steady state m ussel seasonal congener distribution. Bars represent
spring and fall congener specific relative proportional contribution to sum  PCB based on percentage.
Bars represent standard error. X-axis separated by specific congener.
Figure 2-15: Big Rideau Lake non-steady state mussel seasonal congener distribution. Layout 
identical to Figure 2-14.
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Figure 2-14
harbot Lake NSS Mussel Seasonal PCB Congener Distribution
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Figure 2-16: Lake D alrym ple non-steady state m ussel seasonal congener distribution. Bars represent
spring and fail congener specific relative proportional contribution to sum PCB based on percentage.
Bars represent standard error. X-axis separated by specific congener.
Figure 2-17: Brandy Lake non-steady state mussel seasonal congener distribution. Layout identical 
to Figure 2-14.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2-16
Lake Dalrym ple NSS Mussel Seasonal PCB Congener D istribution
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Figure 2-18: Sharbot Mussel/Plankton BMF Seasonal Comparison. X- axis is loglC™, Y-axis is log 
concentration [inussel]/[planktonj, lipid corrected. Closed diamond (♦ )  is June sample data, open 
square (□) is October sample data.
Figure 2-19: Big Rideau Mussel/Plankton BMF Seasonal Comparison. Plot layout same as Figure 2- 
18.
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Figure 2-18
Sharbot Lake Seasonal Log Mussel/Plankton Ratio Comparison
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Figure 2-20: Lake Dalrymple Mussel/Plankton Season Comparison. X- axis is loglCm, Y-axis is log 
concentration [mussel]/[plankton], lipid corrected. Closed diamond (♦ )  is June sample data, open 
square (□) is October sample data.
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3) Chapter 3 - Bioavailability of Sediment Associated 
Contaminants
3.1 - Abstract
We collected sediment samples from four Southern Ontario inland lakes o f varying depth 
and mixing profiles to identify if these specific morphological factors can explain 
measurable differences in contaminant distribution o f benthic biota. Results comparing 
two organic carbon determination methods were highly correlated (r2 = 0.98), and 
indicated that Loss o f Ignition (LOI) consistently overestimated the Total Organic 
Carbon (TOC) method results by a factor o f two. Sediment organic carbon ranged from 
0.50 to 40.8 (% TOC). C:N ratios based on lake depth were highest for shallow lakes and 
lowest in deeper systems, and shallow basin of deep lakes tended to be elevated when 
compared to the deep basins o f the same lake. This is in direct contrast to expectations, 
suggesting that higher mineralization rates were not evident in deeper relative to shallow 
basins. Lake sediment sum PCB concentrations were ranked Brandy > Big Rideau > 
Dalrymple > Sharbot, and ranged from 2.77ng/g to 118 ng/g (org. carbon corr., mean all 
lakes). Significant differences were identified between OC-normalized seasonal mean 
sediment PCB concentrations in Sharbot Lake (21.6±6.15ng/g) and Brandy Lake 
(73.9± 12. lng/g), but no differences were evident based on lake depth (1, 8 & 25m) or 
date of collection. Lake benthic PCB concentrations ranked Dalrymple > Sharbot > Big 
Rideau > Brandy for Chironimidae and no differences in Hexagenia. Benthos seasonal 
mean PCB concentrations ranged from 62.8 to 141.2ng/g in Hexagenia and 38.5 to
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706.7ng/g in Chironimidae (lipid). Lake depth was significant only in Sharbot Lake, with 
seasonal means ranging from 109ng/g (lipid) at the shallow site (8m) to 550ng/g (lipid) in 
the deepest section of the lake (25m).
Among the study lakes, Brandy Lake benthos reflected the lowest BSAFs, but were still 
above equilibrium with sediments indicating biomagnification had occurred. PCB 
fugacity of sediments in this system were interpreted to be lower than the PCB fugacity 
of epilimnetic waters as evidenced by mussel/sediment BSAFs also exceeding a value of 
1.3. There were also no differences in chemical fugacities observed between pelagic 
relative to benthic invertebrates BSAFs in Brandy Lake, suggesting that pelagic 
organisms and benthic invertebrates o f this lake were both dominated by the same 
exposure pathway, and particle mineralization was not a contributing factor in 
moderating fugacity gradients between phases. Among the other three study lakes, 
water/sediment fugacity ratios were always observed to be greater than a value o f unity 
indicating that the phenomenon of fugacity enrichment o f sediments was not observed in 
these lakes as has been reported elsewhere (Baker et al 1991; Sanders et al 1996, Gobas 
et al 2003).
Benthic BSAFs were consistently higher than pelagic BSAFs in all lakes except Brandy 
Lake suggesting that particle mineralization plays a role in increasing sediment fugacity 
above settling sediment fugacity in these systems, increasing benthic exposures to 
contaminants beyond levels experienced by pelagic organisms o f the lower food web.
Both the deep and shallow lakes in this study experienced and 3-10 fold increase in
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benthic BSAF, although no appreciable enrichment was evident in the shallow, dimictic 
Brandy Lake.
3.2 - Introduction
The cycling o f hydrophobic organic contaminants (HOCs) in aquatic systems is 
intimately linked to the production, transport, and deposition o f organic particles in the 
water column. Within lake systems, the annual recycling o f PCBs (i.e. particle- 
associated HOCs that become resolublized and diffusively released back into the water 
column) was shown to exceed both atmospheric input and sediment accumulation and 
burial (Baker et al 1991, Tartari and Biascil997). Sediments represent a significant 
repository and in many cases the principle source of environmental contaminants to 
aquatic food webs (Landrum and Robbins 19 1990; Morrison et al 1998). Decades of 
effluent discharge in industrialized areas and long-range transport processes have enabled 
lake systems far removed from source areas to become heavily impacted (Fellin et 
al 1997, Fisk et al 2001). Despite the recognition that sediments of lakes act as 
repositories of HOCs, there remains a poor understanding o f the factors that regulate the 
transition of sediments from being chemical sinks to chemical sources in aquatic food 
webs (Gobas et al 2003; Morrison et al 2002). This issue remains particularly 
challenging for lakes that do not receive direct chemical inputs from point sources but 
rather receive inputs mainly to water via atmospheric/water exchange. For such systems, 
the transition between sediments acting as chemical sinks to chemical sources is not 
simply a reflection of improved management strategies to reduce chemical inputs.
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Gobas et al (2003) recently published a mechanistic model of within-lake processes that 
predicts a condition o f elevated sediment/water chemical fugacity ratios by considering 
organic matter mineralization and sediment diagenesis processes. The authors 
hypothesized that during particle settling and digenesis at the sediment/water interface, 
organic carbon mineralization causes a decrease in the chemical partitioning capacity of 
the particle. Under the condition that organic matter mineralization rates exceed 
contaminant desorption rates, microbially-mediated mineralization will be expected to 
generate a non-equilibrium condition of chemical fugacities in the sediments exceeding 
the water as well as exceeding chemical fugacities observed in settling solids. Since HOC 
desorption rates from sediments are a negative function of chemical hydrophobicity 
(Karickhoff and Morris 1985), sediment/water fugacity ratios should demonstrate a 
positive relationship to chemical Kow at the transition point where desorption rates 
decrease below organic matter mineralization rates., Biological activity at the 
sediment/water interface may also influence the magnitude of sediment/water fugacity 
ratios by its influence on organic matter mineralization rates. Bioturbidity and conveyer- 
type feeding behaviour by burrowing benthic chironomids (Wood et al 1987) and 
oligochaetes (Karickhoff and Morris 1985b) has been shown to increase contaminant 
concentrations at the sediment surface by the transport and release of interstitial water 
and associated contaminants. These effects should be pronounced for lower Kow 
compounds that exhibit rapid desorption and maintain steady state with organic carbon 
mineralization. Sediment organic carbon mineralization in combination with bioturbation 
should therefore result in a trend of increasing sediment-water fugacity ratios with 
increasing chemical hydrophobicity. These model predictions are consistent with
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empirical data sets demonstrating sediment/water fugacity ratios between (2-100) in lakes 
and marine systems that significantly exceed the equilibrium value o f unity and exhibit 
positive relationships with chemical K0w for HOCs having log Kow values exceeding 5 
(Baker et al 1991; Koelmans et al 1997; Morrison et al 2002; Gobas and Maclean 2003).
For such chemicals, within lake processes that contribute to elevated organic carbon 
mineralization rates should also contribute to elevated sediment/water fugacity ratios and 
higher contaminant bioavailability to benthic feeding organisms including benthic 
macroinvertebrates and benthic feeding fish. These elevated chemical exposures at the 
base o f the benthic food web can ultimately translate into higher biomagnification 
potentials in upper food web components via benthic/pelagic food web coupling (Vander 
Zanden and Vadboncoeur 2002, Morrison et al 1998; 2002). For example, Morrison et 
a /’s (2003) most recent food web bioaccumulation model simulations predicted greater 
PCB trophodynamics in Lake Ontario due in large part to the higher sediment/water 
fugacity ratio measured in this system relative western Lake Erie. Mineralization 
efficiency and sediment burial rates have been positively correlated to lake depth and 
trophy (Baker et al 1991, Morrison et al 2002; Gobas et al 2003; Sanders and Taylor 
1996). Together, these observations suggest that HOC sediment/water fugacity ratios and 
bioavailability in sediments will be influenced by organic carbon mineralization rates 
which in turn are regulated by limnological features such as lake productivity and 
thermostructure.
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Measuring contaminant concentrations in the pelagic and benthic components of 
relatively clean freshwater systems far removed from point source locations enables us to 
compare bioaccumulation potential with lake thermostructure to determine if mixing 
cycles have a measurable impact on contaminant concentrations in lower trophic food 
web components. The bioavailability of sediment bound organic contaminants is defined 
as the fraction of total contaminants in the interstitial water relative to sediment 
associated particles that are available for uptake by aquatic biota (Landrum and Robbins 
1990). Important sediment properties that can reduce bioavailabilitv of HOCs to benthic 
organisms include organic carbon content, particle size, clay type, cation exchange 
capacity, and pH (Landrum and Robbins 1990). Large concentrations of dissolved 
organic matter (DOM) can also affect interstitial water contaminant bioavailability by 
binding a contaminant and enhancing its apparent solubility in the water column 
(Landrum et al 1985a). Benthic organisms preferentially feed on fine-grained sediment 
particles of higher organic content, resulting in ingested materials having higher 
contaminant concentrations than bulk sediment concentrations (Landrum and Robbins
1990). Significant-HOC bioaccumulation can therefore result from preferential ingestion 
of fine-grained sediments that would not be evident from measurements of bulk sediment 
contaminant concentrations (Eadie et al 1988). Given that both sediment partition 
capacity and selective feeding behaviour tracks organic carbon, it is important to 
normalize contaminant concentrations in sediment on an organic carbon basis when 
evaluating sediment contamination trends with respect to chemical bioavailability. 
Likewise, HOC distribution within animal tissues tracks neutral lipids (Drouillard et al
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2004) and therefore expression of contaminant concentrations in sampled organisms on a 
lipid normalized basis provides a surrogate measure o f chemical fugacity.
The ratio of HOC concentration in the lipid-normalized biota fraction to the organic 
carbon-normalized sediment concentration defines the Biota-Sediment Accumulation 
Factor (BSAF; DiToro et a/1991). This ratio closely approximates the 
organism/sediment fugacity ratio, thus permitting evaluation o f the equilibration status 
between benthos and the sediment to which they inhabit. Studies evaluating 
contamination of the amphipod, Pontoporeia hoyi (Eadie et al 1988) and Hexagenia 
limbata (Landrum and Poore 1988; DiToro et a/1991; Drouillard et al 1996; Morrison et 
al 1996; 1997), suggest that BSAFs are commonly o f the order o f 2 to 10 for chemicals 
with a log Kow value greater than 5.5 or 6 suggesting that benthic invertebrates 
biomagnify (Connolly and Pedersen 1990) sediment associated HOCs beyond chemical 
fugacity increases achieved by organic carbon mineralization. BSAFs also exhibit 
seasonal variability (Landrum and Poore 1988) that may be related to variation in 
organism toxicokinetic parameters such as changes in growth or lipid loss (Landrum and 
Poore and Poore 1988). Alternatively, variations in BSAFs may be related to sediment 
characteristics such as carbon soot content or other matrix composition differences that 
are capable of sequestering a large fraction of sorbed HOCs in the slowly desorbed pool 
and exhibit low overall bioavailability. Interpretations o f BASFs therefore require 
careful consideration of the chemical properties, sediment sorption capacity, and seasonal 
distribution of HOCs in the test system. This study attempts to identify seasonal
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variability through multiple date sampling of sediments and associated benthic 
macroinvertebrates from individual lakes.
In this study, BSAFs are compared between pelagic (caged mussel biomonitors; see 
Chapter 2) and benthic invertebrates in order to determine the effect of lake depth and 
thermal stratification on contaminant bioavailability in lower trophic food web 
components of these systems. The BSAFs derived for pelagic-caged biomonitors are 
used a surrogate measure of the water/sediment fugacity ratio whereas the BSAFs 
generated for macroinvertebrates consider contaminant bioavailability from the sediment 
matrix. As a result of increased mineralization efficiencies of organic detritus with 
increased particle residence time at the sediment/water interface, sediments of deeper 
systems should receive more highly mineralized particles that will reflect elevated 
sediment HOC-fugacities and lower mussel/sediment BSAFs compared to shallow 
systems. To control for potential lake to lake differences in contaminant inputs, the 
above trends can further by tested by comparing the difference between BSAFs observed 
for pelagic deployed mussels versus benthic invertebrates sampled from the same lakes.
In the latter case, difference in BSAFs between benthic and pelagic sampled organisms 
should be maximized in deep lakes. We also hypothesize that sediments from deeper 
systems will contain a greater proportion of higher chlorinated congeners as lower 
chlorinated congeners are more efficiently resolublized into the water column during 
mineralization and desorption processes. This should be manifested in a stronger Kow 
dependence of BSAFs for benthic invertebrates compared to BSAFs for mussels in deep
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systems while shallow, well mixed systems will exhibit similar BSAF/Kow trends 
between both animal groups.
3.3 - Methods
3.3.1 - Lake Selection
Lake selection criteria were described in chapter 2. Briefly, lake selection was based in 
part on morphological and foodweb assemblage data. Lakes o f various depths were 
selected to test effects o f morphology and stratification on bioavailable contaminant 
distribution. Characteristic common assemblages included pelagic and benthic fish 
species, and dominant benthic communities. Data from chapter 2 supports our hypothesis 
that these lakes are primarily affected by atmospherically derived environmental 
contaminants, with the possible exception o f Brandy Lake, and thus have similar PCB 
congener profiles in the water column.
Four lakes were included in this study based on the above criteria were; Lake Dalrymple, 
Brandy Lake, Big Rideau Lake and Sharbot Lake. Lake morphometric and water 
chemistry data are summarized in Chapter 2. The general characteristics were as follows: 
Lake Dalrymple represents a shallow system (11m) that remains well mixed throughout 
the open water season. Brandy Lake reflects a shallow (8m), dimictic system that
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exhibits strong thermostratifcation. Big Rideau (25m) and Sharbot Lakes (32m) reflect 
deep dimictic lakes that remain stratified during the open water season. In deeper systems 
(Big Rideau, Sharbot), samples of sediment and benthic invertebrates were collected 
from both deep and shallow areas in order to compare the effects of depth within systems.
3.3.2 - Sample collection
Samples collected for this study included Chironimidae, Hexagenia and sediments from 
each of the four study lakes. Benthos were collected where available, on each sampling 
date, and usually from each biomonitoring station. Sites where samples were not 
available were supplemented by collections from another site within the same basin when 
possible. Some locations or specific dates yielded either no sample or insufficient sample 
for quantification. Specifically, for Chironimidae; lakes Dalrymple and Brandy (May), 
all four lakes (June), and Big Rideau Lake (October). Hexagenia collections were 
successful for lakes Sharbot (May), Dalrymple and Brandy (July, August, and October) 
only. Samples were collected using a petite ponar and sieve bucket (500 pm mesh). 
Sediment samples were collected from each biomonitoring station using a petite ponar, 
and transferred to food grade plastic bags.
All field samples were immediately packed in dry ice, and upon return, transferred to a -  
20°C freezer until analysis. Except for the food grade plastic bags, all sampling 
equipment and storage containers were rinsed in reagent grade acetone and hexane before 
use.
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3.3.3 - TOC determ ination methods (LO I & OC analyser)
Total organic carbon determination by Loss on Ignition (LOI) was conducted by adding a 
1.0 g aliquot o f dry sediment sample into a 15mL glass beaker and muffled at 450°C for 
24 hours. Total organic carbon was determined by gravimetric analysis.
Total organic carbon determination by IRMS (TOC) was determined by drying ~20gm 
sample in a drying oven overnight at 110°C, and homogenizing the sample in a mortar 
until finely ground. Approximately lOOpg was added to pre-weighed tin cup weigh boats 
for elemental analysis on the IRMS system. Total carbon peak area determination is 
facilitated through a combustion and copper reduction sampling stream, followed by GC 
separation and detection by MS.
3.3.4 - Sample Extraction for Chemical Analysis
Sample extraction procedures followed recognised methodologies (Lazar et al, 1992) 
accredited by the Canadian Association for Environmental Analytical Laboratories 
(CAEAL) and for biological tissue samples are described in detail in Chapter 2 (Section 
2.3.3). For brevity, extraction procedures specific to sediments are described below.
Frozen samples were removed from the freezer and thawed overnight at 4°C. Sample 
homogenates (~20g wet wt) were ground with activated Na2SC>4 at a ratio o f 1:5 until dry 
in a glass mortar, then transferred into a Soxhlet glass thimble pre-layered with 10 g
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sodium sulphate. Another lOg sodium sulphate was used to clean the mortar, followed 
by another lOg of sodium sulphate. A surrogate spiking standard containing I3C-labelled 
PCB 37, 52 and 153 was added into each thimble at this point. The Soxhlet extractors 
were set up with the loaded glass thimbles, 500ml round bottom flasks were filled with 
300ml of 50% Acetone:Hexane, and the system was allowed to reflux overnight 
(approximately 16 hours). Following Soxhlet extraction, the extracts were 
rotoevaporated to a 50ml volume. A back extraction was subsequently preformed by 
adding the concentrated extract into a 500ml separatory funnel containing 200ml 
Millipore grade water and extracted successively with 50, 25, 25ml Hexane rinsings 
respectively. The combined hexane rinsings were collected in the same 500ml round 
bottom flask, rotoevaporated to 50ml and poured into a 35cm x 2cm chromatographic 
column, previously filled with 80g anhydrous sodium sulphate, and eluted with 200ml of 
hexane to remove any residual water from the back extraction procedure. The extract 
was then rotoevaporated to a final volume of 2ml and subject to the same clean-up and 
instrumental analysis procedures described for biological tissue samples in Chapter 2 
(Section 2.3.4).
Sample recovery for the [ I3C] labelled CB153 surrogate averaged 71.4±32% for 
sediment, and 92.5+1.4% for benthos (chironimidae and hexagenia combined). Sample 
recovery for the [13C] labelled CB52 surrogate averaged 56.3±24.7% for sediment, and 
97.0±5.0% for benthos (Mean±SD). [I3C] labelled CB37 was not quantified due to 
spectral interferences. Sample concentrations were not recovery corrected.
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3.4 - Results
3.4.1 - Sediment O rganic C arbon
Organic carbon composition comparisons in sediment were evaluated using two standard 
methods; Total Organic Carbon (TOC) and Loss o f Ignition (LOI) (Table 3-1). The 
results between the two methods were highly correlated (r2 = 0.98, Figure 3-1). The May 
Brandy sediment sample was removed from the above regression due to its heterogenic 
composition (sandy clay). Results indicate that the LOI method consistently 
overestimated total organic carbon by a factor o f two. This overestimation has been 
reported by other researchers (Koelmans et al 1997). LOI-derived sediment organic 
carbon values were subsequently corrected using a conversion factor o f 0.56±0.01.
Sediment organic carbon contents ranged from 0.97 to 43.6 % (Table 3-2).-Organic 
carbon values from this study were similar to other ranges reported for lakes in this 
region-(MacDonald 90, 93). Significant within-lake differences in organic carbon content 
based on sampling depth were identified in Brandy Lake only. This can be attributed in 
part to the contrasting sediment type found in the shallow (< lm , sandy clay) and the deep 
zone (8m, silty mud) o f this lake. No other lakes showed differences in organic carbon 
content across stations that differed by depth. There were no significant differences in 
sediment organic carbon contents by sampling date. Between lake comparisons indicated 
significant differences in sediment organic carbon only for Brandy (9.8±0.1) and Sharbot 
Lakes (25.6±1.8).
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3.4.2 - Sediment C arbon - Nitrogen
Sediment C:N ratios are often used as a surrogate measure of diagenetic alteration of 
sediment particles with elevated C:N ratios considered indicative of higher degrees of 
mineralization (Grebmeier et al 1989, Baker et al 1991). There were no differences in 
C:N ratios observed between shallow lakes as compared to deep lakes (Table 3-3). Also 
in direct contrast to expectations, C:N ratios within the deep lakes tended to be elevated 
in sediments collected from shallow zones compared to deep zones.
3.4.3 - Sediment & Benthos PCB Concentrations
Total PCB concentrations in sediments from all lakes ranged from 2.77ng/g -  118 ng/g 
(OC corr, Figure 3-2). Significant inter-lake differences (Tukey’s HSD, p<0.05) in 
sediment PCB concentrations were observed between Brandy Lake (73.9±12.1ng/g OC 
wt.) and Sharbot Lake (21.6±6.15ng/g OC wt) only. The rank order of seasonal lake 
mean total PCB concentrations in sediments were as follows: Brandy > Big Rideau > 
Dalrymple > Sharbot, and did not correspond to the general prediction that deep lakes 
would exhibit higher OC-normalized sediment PCB concentrations compared to shallow 
lakes. On a within-lake basis, there were no significant differences in sum PCB sediment 
concentrations at deep sites compared to shallow sites (p>0.05; ANOVA). However, it is
103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
worth noting that three o f the four systems exhibited higher seasonal mean total PCB 
concentrations in deeper zones compared with shallow zones (Figure 3-2).
Chironimidae and Hexagenia were collected during each o f the sampling dates where 
available (Table 3-5). Hexagenia were only found in the shallow systems, whereas 
Chironimidae were found at all lakes and most locations. Chironimidae were collected 
from deep and shallow sites in both deep water lakes during May, July and August. 
Percent lipid ranged from 0.15 to 2.90% in Chironimidae and 0.65 to 2.32% in 
Hexagenia. No significant differences in lipid content were identified based on species, 
lake, lake depth or date collected.
Total PCB concentrations in benthic invertebrates ranged from 39.1ng/g lipid to 791ng/g 
lipid for all samples analyzed. Differences in sum PCB between chironomids and 
hexagenia from the same site were significant (p<0.05; ANOVA) for Lake Dalrymple, 
but not for Brandy Lake. Owing to these differences, subsequent data analysis focussed 
on chironomid results due to the greater o f availability o f samples from most locations. 
Lake ranking based on seasonal mean total PCB concentrations in chironomid samples 
followed the trend: Dalrymple > Sharbot > Big Rideau > Brandy and differed from trends 
reported for sediments. Within lake differences in PCB concentrations based on lake 
depth were significant only in Sharbot Lake, with seasonal means ranging from 109ng/g 
(lipid) at the shallow site (8m) to 550ng/g (lipid) in the deepest section o f the lake (30m, 
Figure 3-3).
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3.4.4 - Biota-Sediment Accumulation Factors
Biota-Sediment Accumulation Factors (BSAF) were calculated for chironomids from 
each lake and station where samples were available. As there were no significant 
differences in sediment concentrations based on sampling date, the seasonal site-specific 
mean sediment PCB concentrations were used to calculate BSAFs. Benthic invertebrate 
BSAFs ranged from 2.3 to 33 across the various sampling locations and generally 
exceeded the equilibrium value of 1 for all lakes with the possible exception o f low Kow 
PCBs (log Kow value <6) in Brandy Lake. Figure 3-4 presents PCB congener-specific 
BSAF trends in chironmids as function o f Kow for 1) shallow systems, 2) shallow sites 
within deep lakes and 3) deep sites in deep lakes. Brandy Lake exhibited significantly 
lower (p<0.05; ANOVA) chironomid BSAFs (mean BSAF for all PCB congeners: 
2.27±0.18) compared to other lakes. Highest BSAFs were observed at the Sharbot deep 
lake site (mean BSAF:32.9±3.2) followed by Big Rideau shallow lake site (mean 
BSAF:13.4±2.2), Dalrymple lake site (mean BSAF:14.5±1.6), Big Rideau deep lake site 
(mean BSAF:8.2±0.6), and Sharbot shallow lake site (mean BSAF:8.0±0.8). BSAFs 
across the lakes which exhibited significant positive correlations to Kow included Big 
Rideau Lake deep site benthos to sediment, Lake Dalrymple benthos to sediment, and 
Brandy Lake benthos to sediment.
BSAFs were also determined using steady-state corrected mussel biomonitor 
concentration and lipid-corrected net plankton concentration data to provide information 
about the water/sediment fugacity ratios. Seasonal mean biomonitor and plankton BSAFs
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are presented for each lake (deep zones only for deep lakes as a function o f chemical Kow 
in Figures 3-5 to 3-8, respectively. Seasonally mean mussel BSAFs for PCBs averaged 
4.0±0.6 for Dalrymple Lake, 2.3±0.4 for Brandy Lake, 8.8±1.9 for Sharbot and 3.8±0.3 
for Big Rideau Lake. As with benthic invertebrates, Brandy Lake exhibited the lowest 
BSAFs with values exceeding unity only for PCBs having log Kow values o f 6.3 and 
higher. Other lakes typically exhibited mussel BSAFs on the order o f 3 to 10 suggesting 
that PCB fugacity o f water exceeds PCB fugacity o f sediments in these lakes. A similar 
result is apparent when BSAFs are expressed for net plankton. Seasonally mean mussel 
BSAFs for PCBs averaged 4.0±1.1 for Dalrymple Lake, 7.1±1.4 for Sharbot and 2.3±0.4 
for Big Rideau Lake. Plankton BSAFs were not calculated for Brandy Lake due to 
insufficient data. Pelagic organism BSAFs exhibited a positive relationship with 
chemical K0w only for Brandy lake mussels. Otherwise no strong correlations were 
evident.
Within lake comparisons o f mussel and benthos BSAFs are summarized in (Figures 3-9- 
3-12). BSAFs for mussels and benthos for the shallow, stratified Brandy Lake are 
essentially identical and exhibit a strong increasing trend with increasing chemical Kow- 
For the shallow, well mixed, Dalrymple Lake, both benthos BSAFs and mussel BSAFs 
exhibited similar increasing trends with chemical Kow, however for this lake, benthos 
BSAFs consistently exceeded mussel BSAFs by a factor o f 3.6±0.5 fold. Benthos BSAFs 
were typically greater than observed for mussels in the two deep lakes. Sharbot benthos 
averaged 3.7±0.6 fold higher BSAFs compared to mussels deployed in the same lake 
while Big Rideau benthos averaged 2 .1±0.6 fold higher BSAFs compared to mussels. In
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both cases, there were no detectable differences between the K0w dependence o f BSAFs 
observed for benthos or mussels collected from the same lake.
3.5 - Discussion
Researchers have identified several areas in this region o f Southern Ontario as receiving 
chemical loadings predominantly from atmospheric sources (Macdonald and Metcalfe
1991). They also suggested that even when comparing congener patterns in lakes of 
different trophic status and morphometry (mean depth), the basic PCB pattern reflecting 
atmospheric input was retained. Results presented in this paper support these findings.
3.5.1 - Organic C arbon
The sorption capacity o f sediment can be determined by the mass fraction o f organic 
carbon content (DiToro 91). Organic carbon normalization is performed to reduce the 
effect of varying sediment types (DiToro et al. 1991) under the assumptions that all 
chemical in sediments are associated with organic carbon and that organic carbon 
composition has little impact on the sediment specific KP value. Despite these 
assumptions, certain types of sediments (clays, fine particles) are known to reduce HOC 
bioavailability (Swindoll et al 1987). This study demonstrated technique differences in 
the organic carbon content measurements as determined by LOI and TOC-analyzer 
methods. Although organic carbon contents determined by the two independent
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techniques were highly correlated to one another, LOI-derived sediment organic carbon 
contents averaged two fold higher values compared to measurements derived by TOC- 
analyzer. These technique differences could translate into bias in sediment PCB fugacity 
estimates. All BSAF calculations in this study were derived using LOI-data adjusted to a 
TOC-Analyzer equivalent using a correction factor. This would lead to higher PCB 
sediment fugacity estimates over those derived by the non-adjusted LOI technique. Since 
PCB BSAFs for both benthos and pelagic food web components generally exceeded a 
value of unity, similar conclusions would have been reached (i.e. that pelagic organism 
and benthic invertebrate PCB fugacity exceed sediment fugacity) irregardless o f which 
organic carbon technique was used.
Carbon:Nitrogen ratios are generally used to indicate the relative degradation o f 
sedimenting particles, and provide a useful measure of carbon mineralization rates. 
Carbon:Nitroge:n ratios from this study were not in agreement with published studies 
which have correlated increasing C:N ratios with increasing depth (Baker et al 1991, 
Koelmans et al 1997). Within-lake comparisons demonstrated deep sediment collection 
zones to have low C:N ratios compared to shallow zones. C:N ratios across lakes were 
too variable among lakes to make meaningful comparisons on the basis o f mean lake 
depth. These trends are notably opposite to the patterns reported for Lake Superior C:N 
ratios and PCB concentration comparisons between suspended solids versus sediments 
(Baker et al 1991). C:N ratios were not measured for suspended solids samples from any 
of the lakes from this study. Inclusion of this information would have been useful to
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provide a reference condition and better discriminatory power to identify mineralization 
trends on a within lake basis.
3.5.2 - PCB Concentrations
As originally expected, both deep water lakes in this study tended to have higher (but 
non-significant) sediment PCB concentrations in the deeper basins relative to shallow 
sites located within the same lake. The expected trend was not apparent, however, across 
lakes in that shallow lakes did not generally demonstrate lower sediment concentrations 
compared to deep lakes. Deviations from the expected trend could in part be explained 
by differences in chemical inputs between the lakes, however, this was not corroborated 
by mussel biomonitor or net plankton samples (Chapter 2) which tended to indicate 
similar seasonal mean PCB concentrations in the water column of the different lakes, 
albeit different seasonal trends in PCB water concentrations were apparent for Brandy 
relative to other lakes.
Similar observations were noted for chironimidae PCB concentrations, with shallow 
locations exhibiting lower bioaccumulation than deep zones of the same lakes. Between 
lake comparisons in benthic invertebrate PCBs concentrations did not always mimic 
inter-lake differences observed for sediments indicating differences in contaminant 
bioavailability from sediments across the test systems. Mean sediment PCB 
concentrations ranked the lakes in the following order; Brandy > Big Rideau > Dalrymple 
> Sharbot. Alternatively, benthos ranked opposite in that Brandy < Big Rideau <
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Dalrymple < Sharbot, suggesting unidentified factors controlling bioavailability exist 
between sediment and water exposures o f benthic invertebrates among systems.
3.5.3 - Biota -  Sediment Accumulation Factors
Biota-sediment accumulation factors (BSAF) compare contaminant concentrations in an 
organism’s lipids to that in sediment organic carbon, and provide a useful surrogate 
measure of the animal/sediment fugacity ratio (Gobas et al 1989; DiToro et al 1991; 
Drouillard et al 1996). These calculations make the assumption that contaminants 
partition predominantly to lipid and organic carbon phases in biota and sediments 
respectively, and that these phases rapidly achieve steady state with their environment 
(Landrum and Poore et al 1990). Fugacity ratios, which also consider relative differences 
between organism/sediment bulk densities and Koc/Kow partition capacity differences, 
are on average 30% lower than BSAFs. Thus, a reference BSAF value o f 1.3 might 
provide a more conservative estimate o f establishing whether or not biota are in 
equilibrium with sediments.
Among the study lakes, Brandy Lake benthos reflected the lowest BSAFs (mean value: 
2.35±0.4 for mussels and 2.26±0.2 for benthos) but were still above the 1.3 reference 
value indicating biomagnification had occurred. This system exhibited the lowest 
biomagnification factors despite having the highest PCB sediment concentrations and 
lowest organic carbon content of all lakes sampled. As with all study lakes, the PCB 
fugacity of sediments in this system was interpreted to be lower than the PCB fugacity o f
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epilimnetic waters as evidenced by mussel/sediment BSAFs also exceeding a value of 
1.3. This lake also stood apart in that there were no differences in chemical fugacities 
observed between pelagic relative to benthic invertebrates such that both sample types 
produced similar magnitudes of BSAFs. This suggests that PCB exposures to pelagic 
organisms and benthic invertebrates of this lake were both dominated by the same 
exposure pathway (e.g. direct uptake from water or food web biomagnification but not 
sediment biomagnification). Muir et al (1985) found that benthic invertebrate 
concentrations could be predicted from both interstitial water HOC concentrations and 
organic carbon normalized sediment concentrations. Therefore in this system, the 
condition o f higher contaminant fugacities in water relative to sediments could have 
resulted in a domination of the water exposure pathway to both lower food web 
components. Further information to directly measure water PCB concentrations, e.g. 
using high volume water sampling techniques (Gomez-Bellnchon et al 1988), would be 
useful to compare animal/water fugacity ratios in the pelagic and benthic environment of 
this lake.
Brandy Lake exhibited several unique features among the lakes chosen for study. Despite 
its shallow depth, Brandy Lake was observed to exhibit strong thermostructure during 
2003 (Figure 2-4; Chapter 2) and remained stratified for most o f the open season. The 
combination of shallow depth and strong thermostructure resulted in oxygen depletion of 
hvpolimnetic waters that would be expected to reduce mineralization rates (Baker et al 
1991) and therefore generate lower water/sediment fugacity ratios that more closely 
approximate the expected value of unity. Furthermore, low oxygen conditions would
1 1 1
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negatively impact benthic invertebrate growth rates and survivorship. Indeed, among the 
various sampling periods, chironimids could only be collected from this system during 
the early spring when turnover replenished hypolimnetic oxygen. Brandy Lake is also 
known to have high nutrient levels (Chapter 2), and frequent blue-green algal bloom 
problems (A. Paterson, personal communication) suggesting a higher trophic status 
relative to other lakes o f this study. The low benthos BSAFs observed for this lake 
would thus be partly consistent with previous studies (Sanders et al 1996) which 
demonstrated eutrophic lakes to exhibit higher sediment burial and lower organic carbon 
mineralization efficiencies compared to oligotrophic systems. However, the above 
explanation is not consistent with our observations o f lower sediment organic carbon 
contents and higher sediment PCB fugacities relative to other study systems.
Brandy Lake was also unique among the study systems in that it exhibited high dissolved 
organic carbon concentrations in water, imparting a tea-coloured appearance to the 
surface waters. Several studies (DiToro et al 1991, Carlton and Klug 1990, Landrum and 
Poore et al 1985a, 1990) have demonstrated that high DOC concentrations reduce HOC- 
bioavailability to biota by sequestering (sorbing) a fraction o f freely dissolved chemical 
which subsequently becomes unavailable for transport across respiratory surfaces.
Finally, seasonal patterns in contaminant loadings to water (Chapter 2) showed a 
dramatic difference for Brandy Lake compared to the other three systems o f this study. 
Steady state corrected mussel biomonitor data indicated that PCB inputs into Dalrymple, 
Sharbot and Big Rideau exhibited a large pulse in the early spring, possibly related to
112
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
spring runoff events. Brandy Lake, on the other hand, exhibited more consistent water 
PCB concentrations on a seasonal basis.
Among the other three study lakes, water/sediment fugacity ratios were always observed 
to be greater than a value of unity indicating that the phenomenon of fugacity enrichment 
of sediments was not observed as has been reported elsewhere (Baker et al 1991; Sander 
et al. Gobas et al 2003). Baker et al (1991) observed at least a 10 fold change in PCB 
fugacities of Lake Superior settling solids relative to suspended solids collected from the 
water column. Axelman (2000) reported a 5-fold increase in settling solids OC- 
normalized PCB concentrations between 12m and 40m, with higher chlorinated 
congeners predominant with increasing depth. Gobas reported large variations in 
sediment/water fugacity ratios, with sediment fugacities exceeding water fugacities by 
factors ranging from 1-10 for Lake St. Clair and Lake Erie and by as high as 10,000 for 
Lake Ontario. The latter authors related the between lake variations in sediment/water 
fugacity ratios with system depth and particle mineralization efficiencies, although the 
ranges of depths among their systems exceeded the depth range of the present study lakes 
by at least a factor of 3. Given that water PCB fugacities tended to exceed sediment PCB 
fugacities in all study lakes, sediment can broadly be regarded as contaminant sinks for 
these systems. In other words, burial of particle entrained PCBs are likely an important 
loss mechanism relative to PCB recycling to the water column.
Although sediment/water fugacity ratios appeared to be less than unity, the study 
observations do not necessarily discredit the hypothesis that organic carbon
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mineralization results in enrichment o f sediment HOC fugacities. With the exception of 
Brandy Lake, benthos BSAFs were always elevated compared to pelagic organism 
BSAFs. This provides support that particle mineralization did result in an increase in 
PCB fugacity o f settled particles, even though sediment fugacities were not raised beyond 
that of the epilimnetic water column. Swackhammer (Swackhamer and Skoglund 1993) 
demonstrated that phytoplankton achieved lower PCB fugacities relative to water due to 
rapid growth dilution under conditions o f high primary production. Thus, suspended 
solids in the epilimnetic waters can exhibit PCB fugacities that are well below those of 
the freely dissolved phase. This study did not measure HOC fugacities in plankton but 
rather collected zooplankton-sized particles and mussel biomonitors which would 
accumulate PCB burdens from both ingested food (i.e. biomagnification) and water 
sources (bioconcentration). The low HOC fugacities in food (phytoplankton-sized 
particles) of these test organisms should decrease the relative contribution o f 
biomagnification as an exposure pathway, such that these organisms are more likely to 
approximate chemical fugacities present in water (Gewurtz et al 2003) rather than food. 
Therefore, further sampling to specifically determine PCB fugacities and nutrient 
stoichiometry in growing phytoplankton would be useful to further identify the extent to 
which biogenically produced particles are mineralized prior to entering sediments o f 
these systems.
Our original hypothesis suggested that benthos BSAFs would exhibit the greatest 
differences from pelagic BSAFs in deep systems and that within these systems the Kow 
dependence of BSAFs would be strong for benthic organisms and weak for pelagic
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organisms. We also speculated that for shallow, well mixed lakes, BSAFs in pelagic and 
benthic organisms would be similar to one another and exhibit similar K0w dependences. 
Our observations in the three lake systems were not consistent with these predictions.
The well mixed shallow Lake Dalrymple exhibited an intermediate difference in relative 
magnitude of BSAFs for benthos and pelagic organisms compared to Sharbot (greatest 
observed difference) and Big Rideau (smallest observed difference). Thus, lake depth 
does not appear to explain differences in the relative contribution of sediments to food 
web exposures to PCBs. This lack of evidence to support the underlying depth 
hypothesis may be an artefact of comparing lakes that were too similar in depth to 
differentiate differences in chemical potential. Macdonald and Metcalfe (1991) identified 
that despite substantial differences in surface area and mean depth (5-23m) between study 
lakes, no consistent differences between lakes in total PCB concentrations in biota were 
evident.
Potentially, additional factors may play a more important role in influencing particle 
mineralization rates than depth. Other factors affecting the rates of diagenesis in lakes 
that were measured in this study include temperature, oxygen and DOC content. Deeper 
system hypolimnion regions tended to remain colder due to stratification and limited 
mixing events. Colder temperatures have been reported to slow rates of HOC uptake 
(Swackhamer and Skoglund 1993) and diagenesis (Koelmans 1997). In this study, 
seasonal trends in HOC concentrations were not evident for sediments or benthos, so it is 
difficult to predict if temperature had an affect on HOC cycling in these systems.
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Oxygen was negatively correlated with temperature which could limit aerobic 
metabolism in organisms resident in deeper sites, particularly Brandy and Sharbot Lakes.
The degree of carbon mineralization within the water column can change the nature o f 
the sorbed matrix causing concentrations o f HOCs to increase beyond levels expected 
from equilibrium partitioning with water (Gobas 2003). Axelman (2000) reported 
experimental evidence that the percentage o f organic carbon content decreased more 
rapidly than lipids content in settling particles during vertical transport in the water 
column. Researchers identified settling particles contained higher concentrations o f HOC 
compounds than would be expected from equilibrium partitioning (Baker 1991, Larsson 
1998). Possible explanations included increasing particle HOC concentration with 
increased lipid and organic carbon degradation (Larsson 1998, Gobas 2003) and 
increased particle surface area as a result o f mineralization processes which would 
increase particle adsorption affinity during settling (Larsson 1998).
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3.6 -  Conclusion
This study compared BSAFs in pelagic organisms and benthic invertebrates in order to 
determine the effect of lake depth and thermal stratification on contaminant 
bioavailability in lower trophic food web components of these systems. CarbomNitrogen 
ratios from this study were not in agreement with published studies which have correlated 
increasing C:N ratios with increasing depth (Baker et al 1991, Koelmans et al 1997). As 
within-lake comparisons demonstrated deep sediment collection zones to have low C:N 
ratios compared to shallow zones. Both deep water lakes (Big Rideau, Sharbot) in this 
study tended to have higher sediment PCB concentrations in the deeper basins relative to 
shallow sites located within the same lake. The expected trend was not apparent, 
however, across lakes in that shallow lakes did not generally demonstrate lower sediment 
concentrations compared to deep lakes. Similar observations were noted for 
chironimidae PCB concentrations, with shallow locations exhibiting lower 
bioaccumulation than deep zones of the same lakes. Mean sediment PCB concentrations 
ranked the lakes in the following order; Brandy > Big Rideau > Dalrymple > Sharbot. 
Alternatively, benthos ranked opposite in that Brandy < Big Rideau < Dalrymple < 
Sharbot, suggesting unidentified factors controlling bioavailability exist between 
sediment and water exposures of benthic invertebrates among systems. Among the study 
lakes, Brandy Lake benthos reflected the lowest BSAFs despite having the highest PCB 
sediment concentrations and lowest organic carbon content of all lakes sampled. The 
PCB fugacity of sediments in this system was interpreted to be lower than the PCB 
fugacity of epilimnetic waters. This lake also stood apart in that there were no
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differences in chemical fugacities observed between pelagic relative to benthic 
invertebrates such that both sample types produced similar magnitudes o f  BSAFs. This 
suggests that PCB exposures to pelagic organisms and benthic invertebrates o f this lake 
were both dominated by the same exposure pathway. Among the other three study lakes, 
water/sediment fugacity ratios were always observed to be greater than a value of unity 
indicating that the phenomenon of fugacity enrichment o f sediments was not observed. 
Given that water PCB fugacities tended to exceed sediment PCB fugacities in all study 
lakes, sediment can broadly be regarded as contaminant sinks for these systems, 
suggesting that burial o f particle entrained PCBs are likely an important loss mechanism 
relative to PCB recycling to the water column.
Benthos BSAFs were almost always elevated compared to pelagic organism BSAFs.
This provides support that particle mineralization did result in an increase in PCB 
fugacity of settled particles, even though sediment fugacities were not raised beyond that 
of the epilimnetic water column. The well mixed shallow Lake Dalrymple exhibited an 
intermediate difference in relative magnitude o f BSAFs for benthos and pelagic 
organisms compared to the two deep lakes, contrary to original predictions. Thus, lake 
depth does not appear to explain differences in the relative contribution o f sediments to 
food web exposures to PCBs.
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Chapter 3 Tables
Table 3-1: Sample Pool Total Organic Carbon (TOC) /Loss On Ignition (LOI) Method Comparison. 
Difference calculated as LOI/TOC (%).
l ia b le  1: O rga n ic  C arbon  D e te rm in a tio n  
I Lake  (s ite ) Date TOC (%) LOI (%) D iff
MacDonald Bay May 14.36 24.71 0.58
Brighton Bay May 24.83 45.95 0.54
Sharbot May 28.93 53.43 0.54
Sharbot (seine) May 22.47 41.21 0.55
Brandy May 9.82 20.55 0.48
Dalrymple June 18.92 37.60 0.50
Brighton Bay July 28.22 52.95 0.53
MacDonald Bay July 43.57 73.08 0.60
Dalrymple July 20.75 37.16 0.56
Brandy (benthic) July 0.97 1.77 0.55
Sharbot (seine) July 27.34 47.14 0.58
Sharbot July 23.00 45.55 0.51
Brighton Bay Oct 24.68 41.90 0.59
Sharbot Oct 24.73 42.85 0.58
Brandy Oct 9.72 17.35 0.56
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Table 3-2 : Lake mean comparison of Total Organic Carbon (TOC) /Loss On Ignition (LOI) Method. 
Difference calculated as LOI/TOC (%).
T ab le  2: S a m p lin g  S ta tio n  M ean O rga n ic  C arbon  (%)
TOC LOI D iff
S a m p lin g  S ta tion Mean StErr Mean StErr
Brandy 9.77 0.05 18.95 1.60 0.52
Brighton Bay 25.91 1.15 46.93 3.23 0.55
MacDonald Bay 28.96 14.61 48.90 24.19 0.59
Dalrymple 18.05 1.86 31.79 5.59 0.59
Sharbot 25.56 1.76 47.28 3.17 0.54
Sharbot (seine) 24.91 2.44 44.18 2.97 0.56
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Table 3-3: C arbon:N itrogen Ratios based on Lake Depth. Site based on collection site, n =  pooled
sam ple per collection date.
Tab le  3: S a m p lin g  S ta tio n  S e d im en t C a rb o n -N itro g e n  R a tios
Lake S ite n D ep th  (m) % N itro ge n % C arbon C/N
Brandy Lake Seine 1 1.0 0.078 0.971 12.38
Deep Zone 1 8.0 0.758 9.824 12.96
Lake Dalrymple Deep zone 3 8.0 1.650 18.054 10.94
Big Rideau Lake Seine 2 1.0 2.117 28.963 13.68
Deep Zone 4 25.0 1.872 23.617 12.62
Sharbot Lake Seine 2 8.0 1.945 24.905 12.81
Deep Zone 3 25.0 1.764 21.975 12.46
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Table 3-4: Sediment PCB concentrations per sampling station collected in 2003. Site based on 
collection site, n = pooled sample per collection date, depth in meters, * signifies/K 0.05.
T ab le  4 : S e d im e n t su m  PC B  c o n c e n tr a t io n s
TOC (% ,c a lc u la te d )  S u m  PC B  (OC c o rr, n g /g )
Lake________________ S ite_______________ n D epth  (m ) M ean  S tE rr_______ S ite  m e a n  S tE rr  L a k e  M ean  S tE rr
Brandy Lake Seine 3 1.0 1.88 1.01 51 .09 7.83 7 3 .8 8 12.07
Deep Zone 3 8.0 *10.68 0.49 9 6 .6 7 12.16
Lake Dalrymple Deep Zone 5 8.0 17.09 2 .29 3 8 .69 13.86 3 8 .6 9 13.86
Big Rideau MacDonald Bay 4 1.0 23 .56 6.28 16.40 5.16 3 9 .4 3 11.01
Brighton Bay 5 25.0 20 .50 5.13 41 .73 9.85
Sharbot Lake Seine 4 8.0 24.41 0.75 14.88 4.53 2 1 .6 4 6 .15
Deep Zone 5 25.0 26 .69 1.58 2 7 .05 10.36
* p<0.05
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Table 3-5: Benthos Concentrations for sam pling dates in 2003. Site based on collection site, n =
pooled sam ple per collection date, * signifies p<0.05.
T ab le  5: B en thos  Sum  PCB C o n c e n tra tio n s
Lake  S ite  S pec ies  Sum  PCB L ip id
(n) ( lip id , ng/g) S tErr {%) StErr
Brandy (6) Hexagenia 117.02 28.14 1.27 0.26
Brandy (5) Chironim idae 173.00 39.36 2.18 0.23
Dalrymple (5) Chironim idae *408.59 107.37 0.46 0.15 * p<0.05
Dalrymple (5) Hexagenia 96.58 9.42 1.42 0.19
Sharbot Seine (4) Chironim idae 109.37 48.88 1.09 0.17 * p<0.05
Sharbot MSL1 (3) Chironim idae *5 4 9 .9 6 148.70 1.09 0.08
Rideau MacDonald (3) Chironim idae 166.62 46.78 0.41 0.07
Rideau Brighton (3) Chironim idae 295.73 85.72 0.65 0.27
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Chapter 3 Figures:
Figure 3-1: Total Organic Carbon (TOC) to Loss on Ignition (LOI) method Comparison. Axis data 
presented as percentage dry weight.
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Figure 3-2: Sedim ent Sum PCB Ail Lakes
Sediment sum PCB concentrations (ng/g) organic carbon normalized. Sampling stations 
presented by lake, depth o f collection in brackets (meters). Bars represent standard error. 
Box represents 95% range. Line (—) marks median value. Dashed line (— ) marks 
mean value.
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Figure 3-3: Chironimidae sum PCB concentrations (ng/g) organic carbon normalized. Sampling 
stations presented by lake, depth of collection in brackets (meters). Bars represent standard error. 
Box represents 95% range. Line (— ) marks median value. Dashed line (— ) marks mean value.
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Figure 3-4: Benthic (Chironim idae) to sedim ent congener specific accum ulation factors (BSAF).
Upper caption: Shallow sites comparisons. Data points denoted by open diamond (0) are 
Lake Dalrymple, closed triangle ( ^ ) are Brandy Lake. Bars represent standard error.
Middle caption: Data points denoted by open diamond (0) are Big Rideau, MacDonald 
Bay (shallow site), closed triangle (-*•) are Sharbot Lake (shallow site). Bars represent 
standard error.
Lower caption: Data points denoted by open diamond (0) are Big Rideau, Brighton Bay 
(deep site), closed triangle ( ^ ) are Sharbot Lake (deep site). Bars represent standard 
error.
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Figure 3-5: M ussel to Sedim ent and Plankton to Sedim ent BSA F - Sharbot Lake
Data points denoted by closed diamond (♦ ) are Sharbot Mussel to Sediment BSAF, open 
square ( ) are Sharbot Plankton to Sediment BSAF.
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Figure 3-6: M ussel to Sedim ent and Plankton to Sedim ent BSA F -  Big Rideau Lake
Data points denoted by closed diamond (♦ ) are Big Rideau Mussel to Sediment BSAF 
(deep site), open square ( ) are Big Rideau Plankton to Sediment BSAF (deep site).
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Figure 3-7: M ussel to Sedim ent and Plankton to Sedim ent BSA F -  Lake D alrym ple
Data points denoted by closed diamond (♦ ) are Dalrymple Mussel to Sediment BSAF, 
open square ( ) are Dalrymple Plankton to Sediment BSAF.
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Figure 3-8; M ussel to Sedim ent and Plankton to Sedim ent B SA F -  Brandy Lake
Data points denoted by closed diamond (♦ ) are Brandy Mussel to Sediment BSAF.
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Figure 3-9: Benthos (Chironim idae) to Sedim ent and M ussel to Sedim ent BSA F C om parison  -
Sharbot Lake (deep site)
Data points denoted by closed diamond (♦ ) are Sharbot Lake Benthos to Sediment 
BSAF, open square ( ) are Sharbot Lake Mussel to Sediment BSAF.
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Figure 3-10: Benthos (C hironim idae) to Sedim ent and M ussel to Sedim ent B SA F C om parison -  Big
Rideau Lake, Brighton Bay (deep site)
Data points denoted by closed diamond (♦ ) are Brighton Bay Benthos to Sediment 
BSAF, open square ( ) are Brighton Bay Mussel to Sediment BSAF.
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Figure 3-11: Benthos (Chironim idae) to Sedim ent and M ussel to Sedim ent B SA F C om parison -  Lake
Dalrvm ple
Data points denoted by closed diamond (♦ )  are Dalrymple Benthos to Sediment BSAF, 
open square ( ) are Dalrymple Mussel to Sediment BSAF.
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Figure 3-12: Benthos (Chironim idae) to Sedim ent and M ussel to Sedim ent BSA F C om parison -
Brandy Lake
Data points denoted by closed diamond (♦ ) are Brandy Benthos to Sediment BSAF, open 
square ( ) are Brandy Mussel to Sediment BSAF.
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4) Chapter 4 -  Fate and Transport of Organic Chemicals in the 
Lower Foodweb
For the purposes of understanding the implications o f the research presented in this thesis 
and the recommended future direction o f further study, it is important to understand how 
this work fits into the larger system of contaminant fate and transport in aquatic systems. 
Here we elaborate on some of the processes and research that have been proposed 
regarding contaminant cycling in freshwater systems, and include discussion on phase 
partitioning, particle cycling, mineralization processes, and uptake into the benthic 
aquatic foodweb.
The concentration, residence times, and adverse effects o f anthropogenic chemical 
contaminants to aquatic biota in lake systems are controlled by both the magnitude o f 
external loadings and the efficiency of the removal processes. Natural removal o f 
hydrophobic organic contaminants (HOCs) in lakes occurs by outflow, volatilization to 
the atmosphere, burial in sediments, and degradation by biotic processes. Ultimately, 
burial in sediments is considered to be the dominant removal process for refractory HOCs 
(Swackhamer and Armstrong 1986, Eisenreich and Hites 1987).
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Pelagic Research
By separating this research into two parts, one looking at pelagic system components and 
one the benthic system components, we are better able to draw theoretical conclusions 
regarding specific characteristics of each lake basin with regards to the cycling of 
contaminants and potential for bioaccumulation. In Chapter 2, our objectives were to 
understand the bioaccumulation of HOCs in the pelagic foodweb by measuring tissue 
residues from zooplankton and mussels that were suspended in the epilimnion. In 
addition, we hypothesized that lake thermostructure would have a measurable impact on 
contaminant cycling and uptake in the aquatic foodweb as represented by PCB 
concentrations in these organisms.
A first order, two compartment toxicokinetic model was used to calculate steady state 
concentrations of PCB congeners in mussel tissues using published elimination rate 
constants and known deployment time periods. Comparison of calculated steady state to 
non-steady state corrected PCB congener distributions identified that contributions by 
lower chlorinated congeners (<5 chi) in water dropped coincident with mussel tissue 
residues in the deep stratified systems, but remained constant in the shallow well mixed 
lake over the course o f the sampling season. This information provides insight to the 
impact particle scavenging processes have in reducing bioavailable contaminants to 
pelagic biota in stratified systems.
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In thermally uniform, well mixed lakes, we hypothesized that sediment resuspension 
would contribute to sustaining elevated levels o f contaminants in pelagic biota over the 
season, and that contaminant levels in pelagic biota from dimictic systems would reflect a 
drop in concentration with time as particle scavenging processes deplete the epilimnion 
of bioavailable contaminants. Significantly elevated levels o f PCBs were detected in 
mussel tissues after the first 30 days o f deployment in 3 o f the 4 lakes. Subsequent 
sampling dates showed a predictable decline in concentrations across lakes o f  different 
geographical and morphological gradients, reflecting depuration o f a contaminant pulse 
to the mussels
Lake mixing frequency did not contribute to the observed spring contaminant pulse in 
mussels, as contaminant levels dropped in mussel tissues from both the deep dimictic 
systems and the shallow well mixed lake over the season. Furthermore, the shallow 
dimictic lake (Brandy Lake) did not reflect this pulse event as was observed in the other 
systems. This contaminant pulse is a function o f individual loadings to lakes from the 
surrounding watershed as a result of the spring snow melt, and likely incorporates 
physical and hydrological characteristics of the specific watersheds.
Bioconcentration occurs largely through passive diffusion o f a bioavailable chemical 
compound from an abiotic phase to an organism, reaching equilibrium when the fugacity 
of chemical in the organism equals the fugacity of its environment (MacKay 1981). The 
mussel/plankton comparisons show that larger species ‘remember’ pulses longer than 
smaller species that reside at a lower trophic level, and that the organisms are not at
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equilibrium relative to each other. This is demonstrated by observing congener specific 
mussel PCB concentrations which remained above equilibrium with zooplankton early 
during the sampling period, but did reach predicted equilibrium concentrations later in 
the sampling season. Historical contaminant pulses are retained in tissues o f larger 
organisms through processes of bioconcentration due largely to increased lipid content 
(LeBlanc 1995) and decreased chemical elimination efficiency with increasing organism 
size (Fisk et a/1998).
This research was significant in identifying how between the two pelagic biota tested, net 
plankton were better adapt to monitoring current water concentrations of bioavailable 
HOCs, but mussels are better able to retain historical pulse signatures. Larger, longer 
lived species such as mussels retain historically relevant contaminant signatures which 
make them better suited as surrogates for BMF interpretations. It is also important to 
have a good understanding of the uptake and elimination kinetics of the test organism 
through comprehensive species calibration experiments (Gewurtz et al 2002, O ’Rourke et 
til 2004). By retaining a longer historical record o f water quality, mussels also provide a 
viable option to other more conventional water quantification techniques. Here we 
highlight that the importance of designing a comprehensive sampling program that 
incorporates the target species exposure history when attempting to answer questions 
related to biomagnification, and the use of kinetically calibrated species as environmental 
sentinels.
151
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Benthic Research
The effects of lake depth and seasonal stratification on the benthic community’s 
contaminant signatures were evaluated by calculating chemical fugacity relationships 
between the biotic and abiotic compartments in deep and shallow systems.
We hypothesized that chemical fugacities in sediments and benthic invertebrates from 
deep sites of deep water dimictic lakes would exceed PCB fugacities in samples from 
shallow sites o f the same lakes, since longer particle residence times in deeper systems 
extend mineralization processes o f particles in the water column. We also hypothesized 
that deeper lakes will have higher sediment/water fugacity ratios compared to shallow 
lakes, that would result in greater observed differences between the magnitude o f BSAFs 
measured for pelagic food web items relative to BSAFs for benthos from deep lakes 
compared to shallow lakes. Finally, BSAFs in benthic invertebrates from deep lakes 
would exhibit strong positive relationships with chemical Kow> whereas BSAFs in 
pelagic food web components from the same systems would exhibit a weak Kow 
dependence
The colder temperatures and lower oxygen levels prevalent in Sharbot and Brandy Lakes 
hypolimnetic regions can slow degradation rates o f organic carbon, resulting in lower 
bioavailability o f particle associated contaminants to benthic biota (Swackhamer et al 
1993,Koelmans et al 1997). Our observations showed that based on depth, deeper 
sediments did reflect higher chemical concentrations o f HOCs when compared to shallow
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basins within the same lakes, but did not reflect expected differences in fugacity across 
all systems. This depth effect may reflect increased fugacity gradients of particles 
depositing to the sediments in deeper basins, increasing chemical bioavailability as those 
panicles are stripped of organic carbon and associated HOCs.
Brandy Lake benthos reflected the lowest BSAFs, but all values were above the 1.3 
reference value indicating biomagnification had occurred. Despite having the highest 
PCB sediment concentrations and lowest organic carbon content of all lakes sampled, this 
system exhibited the lowest biomagnification factors. As with all study lakes, the PCB 
fugacity of sediments in this system were lower than the PCB fugacity o f epilimnetic 
waters (mussel/sediment BSAFs >1.3). Also, no differences in chemical fugacities were 
observed between pelagic relative to benthic invertebrates. This suggests that PCB 
exposures to pelagic organisms and benthic invertebrates of this lake were both 
dominated by the same exposure pathway. One consideration is the impact that hypoxic 
conditions characteristic of Brandy Lake sediments have on benthic populations. During 
early spring, benthos was available in all areas of Brandy Lake sediments. Newly 
recruited organisms collected during early spring may have been under high growth 
conditions and not at steady state with sediment contaminants. Comparisons o f seasonal 
BSAF showed typically reduced levels in May when compared to other sampling dates. 
With the onset of hypoxic conditions, which establish soon after thermostratification in 
late spring, a substantial depletion of deep water populations occurred, induced by 
increased stress and reduced growth efficiencies. Populations were virtually nonexistent 
in the stratified sections of this lake by summer, with littoral areas harbouring available
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recruitment populations for the next season. Non-equilibrium conditions would reduce 
contaminant concentrations in Brandy Lake benthos, and establish a conceptual 
hypothesis for the reduced fugacity ratios characteristic o f this lake.
Relative to Brandy Lake, all other systems reflected high BSAFs, suggesting that while 
Brandy Lake Chironimidae were close to equilibrium with sediment, all other lake 
systems were experiencing bioaccumulation in the benthic food web. The highest BSAFs 
were observed at the Sharbot deep lake site (mean BSAF:32.9±3.2). No direct 
correlation to depth between lakes was determined based on these comparisons.
Our observations were not consistent with our original hypotheses, as three o f the four 
lakes studied in this research had water/sediment fugacity ratios which were always 
observed to be greater than a value o f unity indicating that the phenomenon o f fugacity 
enrichment of sediments was not observed as has been reported elsewhere in literature. 
Benthos BSAFs in all lakes except Brandy were elevated compared to pelagic organism 
BSAFs. This provides support that particle mineralization did result in an increase in 
PCB fugacity of settled particles, even though sediment fugacities were not raised beyond 
that of the epilimnetic water column. The well mixed shallow Lake Dalyrmple exhibited 
an intermediate difference in relative magnitude o f BSAFs for benthos and pelagic 
organisms compared to Sharbot which had the greatest observed differences. When 
comparing BSAFs between lakes, lake depth does not appear to explain differences in the 
relative contribution o f sediments to food web exposures o f PCBs. Alternatively, within 
lake comparisons based on depth did in at least one case show increased BSAFs with
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depth. Given these insights, sediment can broadly be regarded as contaminant sinks in 
these systems, suggesting that burial of particle sorbed PCBs is likely an important loss 
mechanism relative to PCB recycling to the water column of these systems.
Benthic -  Pelagic Coupling
The objectives of this research were to further knowledge on the impacts morphological 
characteristics o f freshwater lakes have on contaminant bioavailability to lower trophic 
level organisms of the aquatic food web. This research also presented work focussed on 
establishing a better understanding o f the limnological processes that determine HOC fate 
and transport in aquatic systems. The pelagic research identified how comparisons of 
systems of differing depth could be a surrogate for mixing regimes. Mixing was not, 
however, consistently representative of a relatively shallow system, outlining the 
significance of watershed influences and potential variability of input sources to each 
system.
The elevated contaminant levels detected in the spring mussel tissues as a result of a 
spring pulse were probably captured by the zooplankton much earlier in the season, but 
were not detectable in zooplankton tissues by the first mussel collection date. Seasonal 
trends identified diverging contaminant patterns in zooplankton and mussel tissues, 
indicating that researchers and resource managers interested in tracking environmental 
contaminant trends in freshwater systems need to incorporate sampling intervals that
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account for zooplankton kinetics to accurately track environmental changes to water 
quality.
Lakes in this study exhibited benthos to sediment fugacity ratios well above equilibrium 
and relatively higher than Brandy Lake, which remained close to equilibrium. The trends 
observed in Sharbot Lake showed that benthos in deeper systems had significantly higher 
contaminant concentrations than benthos collected from shallow sites with the same 
system. Big Rideau benthic contaminant patterns showed the same trend. Despite this 
finding, fugacity ratios were similar between deep and shallow stations within these two 
lakes. Even though mixing cycles were found to be similar between the two lakes, 
Sharbot Lake’s fugacity ratio was ten-fold higher than Brandy Lake. This magnitude 
difference is generated by relatively high concentrations o f PCBs in Sharbot Lake 
benthos, suggesting processes other than thermostructure are driving contaminant uptake 
in this system. Further research focussing on measuring contaminant inputs to both 
systems is needed to better understand the apparent differences between these 
morphologically distinct systems.
The most beneficial contribution future researchers can provide to furthering this research 
is a better understanding of the processes which govern chemical flux within each lake 
system, including determination of carbon degradation rates and primary productivity 
measurements over similar seasonal time periods. These key kinetic and metabolic 
indices will help better define the impact mixing cycles have on contaminant cycling, 
bioaccumulation, and sediment diagenesis processes within each unique lakes system.
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